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Foamed concretes have many potential applications. The good thermal 
insulating properties of foamed concrete can provide thermal insulation to buildings 
leading to energy saving which translates not only to monetary savings but produce 
positive environment impact as well. Understanding and limiting the water ingress 
into foamed concrete is important for these applications because an increase in water 
content of foamed concrete can significantly increase the conductivity of foamed 
concrete. Low permeability material also improves the durability of the structural 
element. Foamed concrete with good thermal insulation and low water permeability 
coefficient can also have possible application in undersea pipe insulation.  
 
So far, there are limited water ingress studies done on foamed concrete as it is 
a relatively new material.  In particular, there is a dearth of water permeability data 
for foamed concrete which limits the use of cellular concrete in applications where 
durability is a major concern. Thus, water ingress mechanism of foamed concrete is of 
great research significance.  
 
Existing water permeability test setups have drawbacks such as specialized 
sample requirement, leakage around sample, trapped air voids in the test system and 
small quantity of flow that is difficult to measure. In view of this, a new test facility 
where the flow of water is radial has been developed with the intention of 
circumventing the problem of 2-D water flow. It was able to produce consistent and 
reliable permeability results. 
 
 iv 
The experiments consist of studying the water ingress due to capillary effect 
measured by water absorption and sorptivity and water ingress due to pressure flow, 
measured by water permeability. The parameters studied are water to cement (w/c) 
ratio, foam content and polymer addition. High w/c ratio increases water ingress due 
to capillaries and pressure effects. High foam content tends to decrease water ingress 
due to capillary effect but reverse trend is observed for a positive pressure gradient. 
This is attributed to different degree of bubble saturation in the entrained air void due 
to the two different mechanisms. Polymer addition improves the water resistance in 
cement pastes but reduces water resistance in foamed concretes. The permeability of 
foamed concrete is dependent on the pressure of the ingress water. This is because as 
the pressure of the ingress water increases, the degree of saturation of the entrained air 
voids increases and more water flow through this low water resistant zone. As a result, 
the overall permeability also increases. 
 
A computational model (FLUENT) and an analytical model by Jacobs and 
Mayer (1992) were used to compare with the experimental results to study trends and 
to predict permeability of foamed concrete. For a foam content of less than 50% in 
cement pastes, the experimental value matches more closely to the predictions of  
FLUENT model but at higher foam content > 50%, the Jacobs and Mayer model 
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c  =  Concentration (kg/m3) 
dc  =  Critical pore diameter 
D  =  Diffusion coefficient (m2/s) 
F  =  Formation factor 
fcu  =  28 days compressive strength 
i  =  Weight gain/ contact surface area (kg/m2) 
K  =  Intrinsic permeability (m2) 
Kw  =  Coefficient of permeability (m/s) 
P =  Porosity 
Q&   =  Flow rate (m3/s) 
ri  =  Internal radius of hollow cylinder (m), 
ro  =  Outer radius of hollow cylinder (m)  
s  =  Specific surface area 
S  =  Coefficient of sorptivity (kg/m2/hr1/2) 
φ  =  Porosity 
γw  =  Specific weight of water (= 9800 N/m
3) 
ν  =  Viscosity (Ns/m2) 
ρ  =  Density (kg/m3) 
σθ  =  Hoop stress (N/m
2) 
σr  =  Radial stress (N/m
2) 
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Aerated concrete is a type of lightweight concrete. It is produced by 
introducing air and gas in the form of small bubbles (diameter > 0.1 mm) into a plain 
cement paste or mortar mix during the mixing process. The bubbles remain stable and 
maintain their shape throughout the setting process and become discrete air cells in 
the cement matrix. The presence of air bubbles gives aerated concrete its lightweight 
property. 
 
Aerated concrete is divided into two major types based on the method of 
production. They are autoclaved aerated concretes (AAC) and foamed concretes. 
AAC are produced by adding in a predetermined amount of aluminum powder and 
proprietary additives into slurry of ground high silica sand, cement or lime and water. 
Macroscopic bubbles are formed by chemical reaction between the aluminium powder 
and calcium hydroxide present in the cementing agent during the liquid or plastic 
stage. AAC are cured under high pressure steam at temperatures around 180 to 210 ºC 
and they typically have density in the range of 400 – 700 kg/m3 and strength of 2 – 8 
MPa. This method involves a high production cost. Also, the sizes of the AAC 
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products are limited by the size of the autoclaving facilities at the factory and site 
casting is not always possible.  
 
Foamed concrete is produced by injecting preformed stable foam or by adding 
a special air-entraining admixture known as a foaming agent into a base mix of 
cement paste or mortar. It is easily worked on site but care has to be taken in the 
curing process due to high shrinkage. Between the two main types of aerated concrete, 
AAC is currently the more commonly used and researched aerated concrete. However, 
it is valuable to study into the various properties of foamed concrete because foamed 
concrete has its advantages. Firstly, there is no size restriction imposed by the 
autoclaving facilities. Also, moist cured foamed concrete can be produced in large 
quantities with a minimum of capital outlay as compared to AAC. Therefore, where 
lightweight aggregates are not available and where autoclaving facilities cannot be 
economically justified, the low cost of the moist cured foamed concrete is an 
attractive and viable alternative in many applications. 
 
 
(a) AAC   (b) Foamed concrete  
Figure 1.1: Cross-sectional view of AAC and foamed concrete respectively 




Figure 1.2 Building blocks made of AAC 
 
Although aerated concrete was initially envisaged as an insulation or a filler 
material, there has been renewed interest in its structural application as it is now 
possible to produce aerated concrete with higher strength (> 25MPa). Jones and 
McCarthy (2005) carried out studies to investigate the potential of foamed concrete 
for structural use and to overcome the inhibition to the use of foamed concrete for 
structural purposes due to technical and engineering unfamiliarity.  
 
Foamed concretes have many potential applications. The good thermal 
insulating properties of foamed concrete can provide thermal insulation to buildings 
leading to energy saving which translates not only to monetary savings but produce 
positive environmental impact as well. For example in Germany where exterior 
insulation have been used since the beginning of 1970, it is estimated that 18 billion 
liters of oil were saved between 1973 and 1993 as a result of approximately 300 
million square meters of exterior insulation applied on facades. This also means that 
considerably less CO2 is released into the atmosphere (Urban and Takamura, 2002). 
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Heat is transmitted between the environment and the building interior through the 
roofs and walls. In Singapore, under direct exposure to sun, the surface temperature 
may go two to three times higher than the ambient temperature. The temperature 
gradient between the inside and outside of the building results in heat transmission 
into the building and as a result more energy is required to maintain the cool 
environment.  
 
Currently, some form of insulation is provided for the roof but the wall is 
generally neglected. In the case of roof, existing system generally consists of four 
components, namely reinforced concrete slab, waterproof coating, screed and a heat 
insulation component. This requires high material cost as well as skilled labor to put 
the system in place. Foamed concrete thus has the potential as the material that can 
provide good thermal insulation as well as good durability to the outdoor exposure 
conditions for a single component roof slab system instead of the current four 
components system. Similarly, foamed concrete wall panels with sufficient structural 
strength can be used to produce wall with good thermal insulation.  
 
Understanding and limiting the water ingress into foamed concrete is 
significant for the applications mentioned above in two ways. Firstly, increase in the 
water content of foamed concrete can significantly increase the conductivity of the 
foamed concrete, destroying its thermal insulation properties. Secondly, adequate 
durability of the wall and roof element is necessary to withstand outdoor conditions 
such as rain and water ponding situation.   
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Foamed concrete with good thermal insulation and low water permeability 
coefficient can also have possible application in undersea pipe insulation. In deep sea 
oil extraction where the sea bed is as deep as 3000m, floating oil rig is not a viable 
option. Instead, undersea oil production modules are built deep in water. Temperature 
of oil in the pipe must be maintained at 60 to 90 °C to prevent the oil from hardening. 
Currently, double walled pipes in which the inter space of the pipe is filled up with 
materials having low thermal conductivity is used for this purpose. Polyurethane is a 
common and suitable material for this purpose but it is expensive. When large 
quantity of material is needed to give sufficient insulating properties, the use of an 
outer big-sized tube is needed. Consequently the overall volume and weight of the 
pipe increase notably and since the amount of steel required for the outer tube rises 
quickly as a function of the diameter, the costs for producing the pipe increase 
proportionally. Alternatively, complex system where the inter space is filled with 
vacuum has been proposed but this require high cost and the thin evacuated tubes are 
brittle and may crack, allowing the passage of gases into the pipe. Foamed concrete 
might be a viable and cheaper alternative for this application. Foamed concrete is a 
cheaper material than polyurethane and do not require the use of double layer walls 
thus saving the steel material.   
 




Figure 1.3 Schematic diagrams of oil production unit 
(www.oilandgas.org.uk/education/students/production.htm)   
 
Foamed concrete may also be a very useful material for floating structures due 
to its buoyancy. In land scare countries such as in Singapore, very large floating 
structures (VLFS) can be an alternative to land reclamation (Watanabe et al, 2004). 
Land reclamation has its limitation. It is not cost effective and suitable when the water 
is deep (>20m) or when the soil is soft. Land reclamation also destroys the marine 
habitat and may even lead to the disturbance of toxic sediments. VLFS also have 
other current and future application such as in floating bridges, floating entertainment 
facilities, floating storage facilities, floating energy bases, floating manufacturing 
plant, floating dock and berth and floating airport and mobile offshore base. In 
consideration of foamed concrete as a material for VLFS, other than the strength of 
the material, durability and permeability of the material are important factors as well. 
Permeability is an important parameter as the floating structures are in submerged 
zone driven by pressure gradients. 




Figure 1.4 Schematic drawing of VLFS (Watanabe et al, 2004)  
 
So far, there are limited water ingress studies done on foamed concrete as it is 
a relatively new material. In particular, there is no water permeability data of foamed 
concrete. Water permeability coefficient is a measure of the ease in which fluids can 
penetrate in the material. Thus, it is apparent that the major factor limiting the use of 
cellular concrete in applications where durability is a concern is the lack of 
information and design guidance regarding the acceptable performance of the material. 
Thus, water ingress mechanism of foamed concrete will be of great research 
significance. 
 
The test methods used to determine water ingress characteristics are important 
consideration. Water ingress due to pressure gradient in particular is an important 
mechanism but there are currently no standards tests for this parameter. Two 
techniques are used to determine the water permeability of concretes currently, 
namely, the flow method and the penetration method. The flow method measures the 
quantity of inflow, outflow or both inflow and outflow of the pressurized water while 
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the penetration method determines the permeability coefficients from the depth of 
penetration of the pressurised water (Concrete society, 1987; Neville, 1995; Khatri 
and Sirivivatnanon, 1997). The steady state saturated flow method is usually adopted 
unless the low permeability of the concrete does not allow for measurable flow, for 
example in some high strength lightweight aggregate concretes. The advantages of 
saturated flow method are that firstly, the test gives intrinsic permeability as defined 
by Darcy’s law. Next, it has only one fluid transport mechanism which is flow of 
water through voids driven by hydraulic gradient as compared to unsaturated flow 
where water is driven by other mechanism such as diffusion, capillarity and saturated 
flows.  
 
Current experimental facility to test water permeability of materials typically 
consists of a rig in which water is pressurized to a required pressure at one end of the 
specimen and the other end is at atmospheric pressure. There are, however, several 
drawbacks in these current test methods which Janssen (1988) identified. The major 
ones are stringent sample requirements, small quantity of flow, leakage around the 
sample, disturbances in experimental results due to the presence of air voids of 
concrete samples, the cost of the equipment and the difficulty of test. There is a need, 
therefore to develop a new permeability set up that will circumvent these drawbacks. 
 
In view of all these implications and applications, it is of great interest and 
usefulness to study the water ingress mechanisms of foamed concrete. In the next 
chapter, the current state of the art in water ingress studies is presented. In chapter 
three, the development of a new permeability test apparatus will be described in 
details. The following two chapters will describe and discuss the experimental 
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procedure and experimental results carried out on foamed concrete. Chapter six 




Water ingress mechanisms in foamed concrete are important material 
properties which will be of interest to scientist and engineer. The two main 
mechanisms of water ingress in concrete are (1) water ingress due to capillary action 
and (2) water ingress due to pressure difference. Based on literature review, these 
ingress mechanisms are not well studied in foamed concrete, particularly water 
ingress due to pressure difference. The first objective is to develop a permeability test 
apparatus that improves the current setup and which will be suitable for foamed 
concrete. The second objective is to study the various parameters that affect the water 
ingress of foamed concrete in order to produce foamed concrete with good water 
ingress resistance. Finally, models are studied to explore alternatives to determining 
permeability of foamed concrete other than through experimental means. 
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1.3 Scope of work 
• Equipment development for permeability test apparatus 
• Investigate water ingress mechanisms through capillary action (water 
absorption and sorptivity) and due to pressure gradient (water permeability) 
• Obtain the permeability coefficients of foam concrete.  Study the effect of 
foam content, w/c ratio and polymer addition on permeability of foam 
concrete 
• Relate the permeability to foam bubble size and distribution and develop a 
suitable numerical model to predict the permeability of foam concrete. 
 







2.1  Transport Mechanisms 
There are three distinct ingress mechanisms in the transport of fluids in 
concrete, namely: (1) ionic and gas flow under a concentration gradient measured by 
diffusivity, (2) water flow under a pressure gradient measured by permeability and (3) 
capillary attraction of the pores measured by sorptivity. They may act singly, 
simultaneously or in series depending on the exposure condition and the moisture 
content of the concrete. Laboratory examination of these mechanisms often involves 
controlling the experimental conditions such that a specific transport parameter is 
isolated from others enabling the relevant transport coefficient to be calculated from 
existing theoretical models. 
2.1.1  Diffusion 
Diffusion is caused by random molecular motions with diffusing molecules 






−=           (2.1) 
Where D = Diffusion coefficient (m2/s) 
 c = Concentration (g/m3) 
 x = Distance (m) 
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Fick’s second law of diffusion is used in non-steady state diffusion, i.e., when 
the concentration within the diffusion volume changes with respect to time. It states 
that the time rate of concentration change is related to the second derivative of the 
concentration gradient through the diffusion coefficient. Chloride ions diffusion 














                     (2.2) 
 
 
Where D = Diffusion coefficient (m2/s) 
 c = Concentration (g/m3) 
 t = Time (s) 
 x = Distance (m) 
2.1.2 Permeability 
Permeability is a flow property and is defined as the ease with which a fluid 
will pass through a porous medium under the action of a pressure differential 
(Concrete Society, 1987). The term permeability strictly speaking refers to flow that 
occurs under an applied pressure differential but it is also frequently used to cover 
other transport mechanisms such as absorption and diffusion. Pressure induced flow 
gives intrinsic permeability as defined by Darcy’s Law and thus it is often used to 
characterize the permeability of a material. Permeability test involve only one 
mechanism which is the flow through voids. The flow through the capillary system is 
assumed to be laminar. Liquid ingress under a pressure head may be modeled 
empirically by Darcy’s Law. The coefficient of permeability is given by: 
 









          (2.3) 
Where  K = Intrinsic permeability (m2) 
 Q&  = Flow rate (m3/s) 
 l = Thickness of penetrated section (m) 
 v = Viscosity (Ns/m2) 
 A = Penetrated area (m2) 
 ∆p = Pressure difference (N/m2) 
 
The coefficient of permeability represents a material characteristic and is 
independent of the properties of the liquid. Frequently, the flow of water is evaluated 







          (2.4) 
Where  Kw = Coefficient of permeability (m/s) 
 Q&  = Flow rate (m3/s) 
 l = Thickness of penetrated section (m) 
 A = Penetrated area (m2) 
 ∆h = Differential pressure head (m) 
Kw is not a material characteristic but only describes the flow of water. 
 
A major disadvantage of saturated water permeability test is the potential 
problem with saturation of specimens, this is especially so for concrete with very low 
permeability. Also, during prolonged water permeability testing, the flow of water in 
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the specimens decreased significantly with time (Glanville, 1926). This is because 
during water permeability test, pressurized water may penetrate hydration products to 
reach unhydrated cement, reducing porosity and leading to what is commonly known 
as the self-sealing phenomenon. 
2.1.3 Sorptivity 
 
The transport of water in concrete due to surface tension within the capillary 
network is known as capillary suction. Under the condition of short term contact with 
water, the penetration of water is proportional to the square root of time (Ho and 
Lewis, 1984; Emerson, 1990).  The sorptivity coefficient is given by: 
2
1
StAi +=           (2.5) 
Where S = Coefficient of sorptivity (kg/m2/hr1/2) 
 i = Weight gain/ contact surface area (kg/m2) 
 A = A constant arising from filling surface porosity 
 t = Time of exposure (hr) 
The volume of water absorbed by a dry surface will be influenced by the 
moisture content of concrete at the time of test. Hall (1989) showed that the sorptivity 




0 )08.11(/ ii wSS −=         (2.6) 
Where S0 = Coefficient of sorptivity in a dry sample (kg/m
2/hr1/2) 
 Si = Coefficient of sorptivity on a sample with initial water content 
(kg/m2/hr1/2) 
 wi = Water content as a fraction of the maximum possible 
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There are differences in opinion over the relative importance of each 
mechanism. There are varying opinions on the relative importance of each mechanism 
even for the same environmental condition. Under conditions of wetting and drying, 
researchers suggested that sorptivity was predominant (Aldred, 1987; Ho and Lewis, 
1987; Hansen, 1989; Emerson, 1990 and McCarter, 1996). Under conditions where 
concrete is exposed to hydraulic pressure on one face and drying on the other surface, 
some researcher suggested that sorptivity has a significant influence on water 
transport as a result of drying (Gjorv and Loland, 1980; Aldred, 1987; Buenfeld et al, 
1997) while others concentrate on permeability as the significant transport mechanism 
involved (Wong, 1998). 
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2.2  Factors affecting the water ingress of concrete 
2.2.1  Pore structure 
The pores in concrete consist of gel and capillary pores in the hardened 
cement paste, entrained or entrapped air voids and voids in the aggregates. The 
property of permeability is linked to fundamental physical properties of a porous 
medium such as the geometrical distribution of the pores, the internal surface area and 
the capillary pressure gradient. In general, there is no direct linked between the 
permeability and porosity of a material (Nyame and Illston, 1981).  
 
 
Figure 2.1 Schematic diagram showing differences between porosity and permeability 
(EuroLightCon, 1998) 
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However, some researchers such as Scheidegger (1977) suggest that there is a 
relation between permeability and porosity. The relationship is given as below: 
nPK ∝           (2.7) 
Where K = Permeability 
 P = Porosity 
 n = Undetermined factor 
The undetermined factor n may be a complicated function of ‘grain diameter’ or ‘pore 
diameter’ and pore size distribution.  
 
The pore structure of concrete is affected by the various factors such as w/c, 
degree of hydration (or age), curing temperature, and the use of mineral admixture 
and polymer addition. These contributing factors will be discussed in details. 
 
Effect of water-cement (w/c) ratio 
When the w/c ratio is high, the resulting matrix will be less dense. This results 
in higher porosity and permeability coefficient (Powers et al., 1954). Figure 2.2 shows 
the relationship between permeability coefficient and w/c ratio. However, Norton and 
Pletta (1931) have shown that for concrete, the cement to void ratio gives a better 
correlation with permeability than w/c ratio.  




Figure 2.2 Water permeability coefficients versus w/c ratio (Powers et al., 1954) 
 
Effect of degree of hydration 
As the concrete continue to hydrate, the porosity as well as the pore 
connectivity is reduced (Winslow and Diamond 1970) thus decreasing the 
permeability. However, since calcium hydroxide may leach out over time, the long 
term coefficient of permeability for water may increase if the flow of water is 
continuous for a long period of time.  
 




For normal weight concrete, interfacial zone has higher porosity as compared 
to that of the bulk cement paste. This can affect the flow behaviour of water through 
concrete. Though it is assumed that the interfacial regions affect the flow of water, no 
quantitative relationships have been reported. The addition of aggregates has two 
effects. On the one hand, they can physically block the flow of water, causing water to 
flow round the aggregates, yet due to the interfacial effects and depending on the 
properties of the aggregates, these aggregates can potentially increase the 
permeability of concrete.  However, the interfacial porosity of high-strength NWC 
can be improved substantially by the reduction of water/cement ratio and by the 
incorporation of silica fume (Chia and Zhang, 2002). In the case of lightweight 
aggregate concrete (LWAC), the interfacial zone between the lightweight aggregate 
and mortar matrix is much better than NWC. This, together with a more unified 
microstructure, gives LWAC a lower permeability than NWC (Chia and Zhang, 2002).  
 
Mineral admixtures 
Pozzolanic admixtures have a smaller particle size then cement. Thus finer 
silica fume particles may fill spaces that cannot be reached by cement particles and 
creating a better packing of the bulk pastes. In addition, mortar and concrete with 
pozzolanic materials which contribute to interfacial porosity often show less bleeding 
compared to those without pozzolanic materials. The effects of different types of 
admixtures vary due to the large variety of commercial products used in the industry. 
However, it is clear that admixtures that improve workability during mixing and 
casting are likely to densify the packing of the particles and thus the water-tightness 
of concrete (Dhir et al., 1989). 
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Curing temperature  
Curing temperature affects the degree of hydration and thus the pore size 
distribution. According to maturity theory, the hydration of cement is accelerated if 
elevated temperature is applied and water is available for the process of hydration. In 
the precast concrete industry, the use of elevated temperature curing techniques to 
accelerate early strength development has been adopted as one of the standard 
methods for high volume production of concrete units. Curing temperature affects the 
degree of hydration and the pore size distribution. Research has shown that curing at 
elevated temperature leads to the development of a modified microstructure which has 
been associated with the phenomenon of secondary ettringite formation. Mature 
pastes cured at temperatures of between 50°C and 70°C have been reported to exhibit 
a coarser C-S-H morphology and pore structure than that characteristic of pastes cured 
under ambient conditions. 
 
Microstructural examination of two month old concrete cured at 16°C, 42°C 
and 46°C has revealed no marked differences in the spatial distribution, morphology, 
and volume of hydrates and other microstructural features present. However, a 
network of microcracks was evident within the matrix of all the concretes, when cured 
at 80°C. 




Cracking significantly affects the flow of water through concrete. The wider 
the crack the higher the flow will be. If cracking is due to crazing on the surface only, 
the flow may not be influenced much since the cracks will not form a continuous path. 
However, if the crack is continuous from top to the bottom of the specimen, the 
permeability will greatly increase.  
2.2.3 Test condition 
Type of fluid 
The type of fluid is an important consideration especially whether it reacts 
chemically with the medium. If water is used as a fluid, flow may be restricted by the 
continuation of hydration and by precipitation of calcium hydroxide. Also, the 
permeability coefficients obtained using liquid and gas will differ considerably due to 
the phenomenon of gas slippage (Bamforth, 1987). Figure 2.3 shows the variation in 
permeability coefficients due to the effect of water and gas as the permeating medium. 
This phenomenon is especially pronounced when the gas pressure is low or the 
concrete has low permeability (refer to Figure 2.4). Intrinsic permeability coefficients 
obtained using a liquid is a better representation of the pore structure of concrete. To 
measure values of gas permeability which are representative of the true intrinsic value, 
tests should be carried out at high pressures ( > 1 MPa).  




Figure 2.3 Relationship between permeability coefficients for concrete obtained using 
water and gas. (Bamforth, 1987) 
Note: ref 11 - American petroleum institute (1952) 
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Figure 2.4 Theoretical relationships using water and gas permeability derived using 
Klinkenberg’s equation for different mean gas pressures 




Bier et al (1988) have reported that there is no significant difference in the 
coefficient of permeability tested at 200 psi and 0.5 psi, as expected by Darcy’s law. 
However, Hooton and Wakeley (1988) observed that the driving pressure has a strong 
influence on the coefficient of permeability which generally is significantly higher 
when the applied pressure is lower. This is attributed to micro structural changes 
occurring under the applied pressure. As the driving pressure increases, the dislodged 
hydrated particles caused the blocking of pores, resulting in lower permeability. 
 
Temperature 
Jooss and Reinhardt (2002) reported that the permeability of concrete 
increases when the temperature increases from 20˚C to 80˚C. Theoretically speaking, 
both the viscosity as well as the density which permeability is dependant on decreases 
when the temperature decreases. The permeability of the concrete is expected to rise 
distinctively. However, the results showed that the increase in permeability is lower 
than expected. A possible explanation in this case is that the increased temperature 
leads to a faster rate of hydration of concrete, leading to a denser concrete. This may 
not be similarly observed in mature concrete. 
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2.2.4 Additional factors affecting water ingress of aerated concrete 
2.2.4.1 Autoclaved aerated concrete 
Pore structure 
Microstructurally, there are three distinct types of pores present in AAC. They 
are the artificial air pores, the interparticles pores and intercluster pores. Artificial air 
pores do not contribute to the capillary suction mechanism of AAC. Instead, the 
interparticles and intercluster pores contribute more significantly to this transport 
process. However, the artificial air pores do play a part as in when the number of 
artificial air pore increases, the average path of the water migration increases and the 
coefficient of capillarity decreases as a result.  On the other hand, as the total porosity 
increases, the water absorption of the material increases. These results were carried 
out on AAC having density in the range of 345 – 720 kg/m3 with a corresponding 
total porosity of 87 – 73 % (Prim and Wittmann, 1983). Tests carried out by Jacobs et 
al. (1992) showed that there is no significant variation of the permeability coefficient 
with different percentage of air void. 
 
Direction of flow 
The method of AAC production gives it an anisotropic nature; permeability 
perpendicular to the direction of rising of hydrogen gas is higher than parallel to that 
direction. However, this difference diminishes when the density increases. (Wagner et 
al., 1995) 
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2.2.4.2 Foamed concrete 
Pore structure 
Although the air-void system remains largely identical, there are differences in 
the structure of AAC and foamed concrete, caused by the variation in the hydration 
products, which explains the variation in their properties. Tada and Nakoda (1983) 
also point out that foamed concrete has a larger volume of fine pores due to the 
presence of excessive pore water. The air voids that are entrained can effectively be 
considered as an aggregate, their inclusion might not reduce permeability by 
obstructing flow but they are unlikely to lead to an increase because of the absence of 
microcracking (Kearsley and Wainwright, 2001). 
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2.2.5 Typical permeability coefficient values 
Permeability of common types of concrete is presented in the table below.  As 
can be seen from the Table 2.1, there is no available water permeability tests data of 
foamed concrete. 
Table 2.1 Typical permeability values 









Hope et al. (1984) 0.037 – 1.09 w/c = 0.35 – 0.75 
Li et al. (2003) 0.161 – 6.8 
Cement 
replacement (based 
on penetration test) 
NWC 
Bisaillon et al. (1988) 0.43 – 4.05  
PFA Bamforth (1987) 0.383 
25 % cement 
replacement with 
pfa 
Banthia (1989) 0.086 - 0.32 
w/c = 0.35 – 0.5 
Silica fume 
addition for some 
samples 
Cement paste 
Hearn et al. (1994) 2 w/c = 0.7 
High strength 
concrete 
Bamforth (1987) 0.358  
Bamforth (1987) 0.0731  
LWAC 





Tsivilis et al. (2003) 
18.1 - 23.9 
 
 
AAC Jacobs et al. (1992) 100000-300000  
 




Figure 2.5 Values of permeability coefficient of different types of concrete measured 
by the flow versus by the penetration method (Khatri and Sirivivatnanon, 1997) 
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2.3  Current laboratory test equipment 
Currently, there is no specification for permeability test other than the British 
Standard BS 1881 for simple water absorption and rapid chloride permeability test 
AASHTO T 277-831. However, literatures introduce mainly two techniques to 
determine the water permeability of concrete under pressure gradient. These two 
techniques are namely the flow method and the penetration method (Concrete Society, 
1987; Khatri and Sirivivatnanon, 1997). Flow method is generally used for concrete 
with higher permeability while concrete with very low permeability are suited for the 
penetration method. The condition required for the application of Darcy’s Law is that 
the fluid is adsorbed on all the pore surfaces. It has been found that the condition for 
application of Darcy’s law cannot be achieved in many low permeability concrete 
even after exposing concrete samples to a pressure of 3.5MPa for 5000 hours 
(Bisaillon et al., 1988).  In these cases, the penetration method should be used.  
 
Khatri et al. (1997) showed that the flow method is suitable when 
If 2.3(T)2 + 1.1 (Fcu)
2 < 10400       (2.8) 
And the penetration method should be adopted when 
If 2.3(T)2 + 1.1 (Fcu)
2 > 10400       (2.9) 
where T = age of the concrete (days) 
 Fcu = 28 days compressive strength 
But it should be noted that the applied pressure will affect the guidelines proposed by 
Khatri et al. (1997) and in this particular study, a pressure of 0.69 MPa is applied. 
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2.3.1 Test based on the flow methods 
The apparatus used for determining the permeability using the flow method 
usually consists of a container in which the specimens is sealed in such a way that 
fluid under pressure can be applied to one face and the amount of fluid that permeates 
and emerges from the opposite face can be measured. Sealants that provide an airtight 
and water tight seal and are able to withstand high pressures are applied to the side of 
the test specimens to prevent water from leaking past the specimens (refer to Figure 
2.6). To obtain reliable results, it is needed that the sealant is effective in meeting the 
above criteria. Some of the sealants used are asphalt, epoxy resin, grease, paraffin and 
rosin. These sealants were however found to be unsatisfactory to provide an efficient 
way to prevent leakage.  
 
Figure 2.6: A schematic diagram of 1 D permeability setup 
 
Meulan and Dijk (1969) device an alternative method to seal the specimens 
while keeping the existing normal permeameter (refer to Figure 2.7). A brass ring is 
bolted to the permeameter with two circular neoprene seal. One of the seal is to seal 
the ring to the base of the permeameter and the other is to provide a seal between the 
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attempted to solve the side leaking problem through similar means by using epoxy to 
cement the concrete specimen inside a discardable plastic cylinder and using proper 
O-ring seals between the pressure wall and plastic cylinder. Hope and Molhotra (1984) 
used similar method in their test except that fibre glass resin was used instead of 
epoxy (refer to Figure 2.8). These methods of sealing were found to be effective, but 
it is quite troublesome and expensive as it requires the usage of sealing round the 
sample. Bisaillon and Malhotra (1988) also employed a similar set up but uses epoxy 
mortar instead of fibreglass resin compound which is cumbersome to use and cause 
cracking in the concrete jackets. Li and Chau (2000) proposed the use of acrylic resin 
vacuum coating method to prevent boundary leaking.  
 
Researchers in recent years (Banthia et al., 1989, Hearn et al., 1991 and Dieb 
et al., 1994) employ tri-axial cell to determine permeability. These test cells are 
capable of measuring permeability up to 10-16 m/s with minimal sample preparation. 
Membrane and cell pressure ensure that there are no leaking through the side of the 
sample. Commercial triaxial set ups are usually used and these are expensive 
equipments.  




Figure 2.7 Permeability cell developed by Meulan and Dijk (1969) 




Figure 2.8 Permeability cell sealed by O rings and epoxy by Hope and Molhotra 
(1984). 
 
Other important components of the permeability test system are the pressure 
system and the flow measuring equipment. A summary on these based on work by 






Solid Neoprene seal 
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Table 2.2 Summary of permeability tests carried out using the flow method 
Researcher Sample size Applied pressure Water flow measuring equipment Salient points in test 
Meulan and Dijk 
(1969) 
75 mm Dia. x 25 mm Ht. Not specified Not specified 
Modification to a normal permeameter to 
achieve better sealing 
Hope and Molhotra 
(1984) 
150mm Dia. x 50 mm Ht. 
3.5 MPa using 
compression of N2 gas 
5m capillary tube connected to the 
flow outlet. Distance that menicus 
moved in a specified time is 
measured. 
Samples were sealed with fibre glass resin 
Bisaillon and 
Molhotra (1988) 
150mm Dia. x 125 mm 
Ht. 
3.5 MPa using constant 
oil pressure system 
5m capillary tube connected to the 
flow outlet. Distance that menicus 
moved in a specified time is 
measured. 
Modification of Hope and Molhotra (1984) 
setup. 1) cinstant oil pressure system 
instead of N2 gas to prevent leaking of N2. 
2) Sample sealed in epoxy mortar 
Jassen (1988) 75mm Dia. x 80 mm Ht. 0.28 Mpa Mercury manometer 
Samples were vacuum saturated. Designed 
for portlannd cement concrete which has a 
low permeability (< 1e-13 m/s). 
Hearn and Mills 
(1991) 
100/150mm Dia. x 25-60 
mm Ht. 
10 - 25 MPa Weighing device/Gas burette 
Samples are vacuum saturated. Capable of 
measuring permeability in the order of 10-16 
m/s. 
Dhir and Byars 
(1993) 
54mm Dia. x 50 mm 
Ht.(cored) 
0.17 - 6.2 MPa Volumeter 
A modified Hock-franklin cell forms the 
outer wall of the equipment. 
Banthia and 
Mindess (1989) 
50mm Dia. x 6 mm Ht. 0.14 MPa not specified 
Triaxial setup to  measure permeability of 
cement paste 
Dieb and Hooton 
(1994) 
76.2/101.6mm Dia. x 40-
60 mm Ht. 
Confining pressure = 25.4 
MPa and driving pressure 
= 0.7 - 8.4 MPa 
Sensitive floating plexiglass piston 
in a calibrated cylinder 
Samples are vacuum saturated. High 
pressure triaxial cell with improved 
measurement sensitivity. 
Tsivillis et al. 
(2003) 
100mm Dia. x 45-50 mm 
Ht 
P(in) = 0.5 MPa P(out) = 
0.1 MPa and Confining 
pressure of 0.7 MPa 
Flowmeter A modified commercial triaxial cell 
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2.3.2 Test based on the penetration methods 
Penetration method set ups are similar to those using the flow method except 
that the permeability is not obtained using the outflow method; rather, the sample is 
often cracked open after a specified period of time to measure the depth of penetration. 
For concrete with low permeability, flow methods require that the length of the path 
in which permeability is measured to be relatively small and the driving force must be 
relatively large to avoid undue length of time required for the test.  Since the samples 
are not saturated in this method, Darcy’s law do not apply. Instead, modified Valenta 








=          (2.10) 
Where Kw = Coefficient of permeability (m/s) 
xp = Depth of penetration (m) 
v = Volume of voids filled by water in the penetrated zone (determined by 
measuring the weight gain) 
h = Head of water (m) 
t = Time of penetration to depth xp (s) 
 
It should be noted that the coefficient of permeability obtained by the 
penetration method is dependent on the duration of test (Concrete society, 1987). 
Khatri and Sirivivatnanon (1997) found good correlation between permeability 
coefficients measured using the flow method and the depth of penetration method. A 
summary on work done by various researchers based on the penetration tests are 
presented in Table 2.3. 
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Table 2.3 Summary of permeability tests carried out using the depth of penetration method 
Researcher Sample size Applied pressure Measurement taken Salient points in research work 
Bamforth (1987) 
100 mm Dia. x 50 
mm Ht. 
up to 1 MPa 
Split sample up and neasure 
depth of penetration after 2 
weeks 
Compare permeability coefficient 




100 mm Dia. x 150 
mm Ht. 
0.69 MPa 
Split sample up and neasure 
depth of penetration after 3 
days 
Compare permeability coefficient 
using penetration and flow method 
Li and Chau 
(2000) 
100 mm Dia. x 40-
100 mm Ht. 
up to 2 MPa 
Split sample up and neasure 
depth of penetration after 24 
hr 
Develop an efficient permeability 
test set up using an autoclave and 
develop new vacuum coating that 
provides good binding between the 




2.3.3 Drawbacks of current permeability test set-ups 
 The most common drawbacks of current permeability test set-ups are as 
follows: 
 
(i) Specialized sample requirement 
 
 The specimen size was often required to be of some specific dimension with 
little tolerance.  The stringent requirement in dimensions was necessary firstly 
because the water-tightness effort leverages largely on the variation of these 
dimensions.  Leakage often results due to non-conformity to sample size requirement.  
Ironically, concrete specimens, either cast or taken from in-situ concrete, often had 
variations in dimensions. Secondly, the sample size requirement also ensures that the 
high pressure differential applied onto the specimen does not cause any mechanical 
failure.   
(ii) Small quantity of flow 
  
 In methods where permeability is determined by flow, the accurate 
measurement of the fluid flow would be critical.  On the other hand, the accuracy of 
fluid flow being measured largely depends on the quantity being measured, baring the 
need for high precision measuring equipments.  The confidence level of the results 
obtained also depends greatly on the accuracy of the fluid flow measurement.  Fluid 
flow can be increased by two means; by increasing the pressure differential and the 
effective area of flow.  In the current set-up, both these measures would need the 
depth of the specimen to be increased significantly to ensure sufficient rigidity against 
bending.  This would be counter-productive as it would take a much longer time for 
steady state to be attained. 
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 (iii)        Leakage around the sample 
 
 In the current test set-up, great effort is required to leak-proof the joint 
between the cylindrical surface of the specimen and the test equipment.  Test set-ups 
which require great skill are often not functional as they are prone to errors.  
Furthermore, it is often more difficult to leak-proof joints between two curved 
surfaces unlike two planar surfaces. Various methods and improvements have been 
made by various researchers as discussed in §2.3.1 and §2.3.2. Currently, great care 
and elaborate methods have to be used to circumvent this problem. Otherwise, 
leakage has often been found to result due to poor workmanship and misfit of 
specimen and equipment.  The tapering of the test specimen to circumvent this 
problem had not been very helpful. 
 (iv)  Air voids in test set-up causing disturbance 
 
 Air voids in permeability test set-ups have been the cause of major error in test 
results.  Air trapped during set-up of the test usually dissolves in the fluid under high 
pressure.  However, as the fluid permeates through the specimen, pressure head drops 
and the dissolved air forms air bubbles within the specimen.  This would greatly 
affect the result. 
 
2.4  Microstructure of aerated concrete 
Prim and Witmann (1983) classifies the porous system as artificial air pores, 
inter-cluster pores and inter-particle pores. The microstructural alterations, either due 
to compositional variation or curing significantly affect the properties of aerated 
concrete. There exists a difference in the structure of the autoclaved and non 
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autoclaved aerated concrete. Different type of hydration products are produced from 
these two processes. On autoclaving, parts of the fine siliceous material react 
chemically with calcareous material like lime generated by cement hydration and 
form a microcrystalline with a much lower specific surface (Kearsley and Wainwright, 
2001).  
Scanning electron microscope shows that the microcapillaries in AAC are 
plate shaped crystals of 11.3 Å tobermorite with a double-chain silicates structure 
(Mitsuda et al., 1992). Non-autoclaved aerated concrete undergoes changes in 
structure over time whereas autoclaved products are practically stable. Tobermorites 
crystals of AAC do not change with age. NAAC change their structure from fibrous 
gel to needle to long prismatic members. The lack of interlocking among these 
prismatic members may be attributed as the reason for the lower strength of moist 
cured aerated concrete even after complete hydration of cement. Autoclaving results 
in higher strength as it has a well-defined tobermorite crystals and hexagonal calcium 
hydroxide crystals. The efficiency of autoclaving is less when fly ash is present in the 
mix, the reaction products being poorly crystalline. 
 
There are clear indications of existence of a transition zone at the void-paste 
interface, similar to that in concrete; the void supposedly acting as aggregates of zero 
density. The transition zone in aerated concrete is less porous than the one in normal 
concrete because of the constriction of the matrix by voids and the unlimited space 
available for hydration as well as for bleed water to move about. The random 
orientation of the crystals at the interface results in better interlocking (Kearsley and 
Wainwright, 2001). Various methods have been proposed to study the pore size 
properties of foamed concrete. 
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2.4.1 Methods used to get a good contrast 
In pore size studies, it is very tedious to count and measure the pore 
characteristics of each bubble. As such, it is often needed to process the images using 
software and in these cases, a good contrast is needed so that the void and the cement 
matrix can be well differentiated. 
 
One way is to treat the surface of the specimen to achieve a good contrast. 
Jacobs and Mayer (1992) prepare the surface by first using black ink to color the 
matrix and the surface is pressed against white zinc oxide powder to fill up the surface 
voids (Jacobs and Mayer, 1992). Prim and Witmann (1983) impregnated the surface 
of a polished cube with a black hardening material. After a few hours, the surface is 
polished again. There is sufficient contrast between the black filled pores and the 
white matrix to analyze the structure in an automatic image analyzer. 
 
Other than directly processing the surface of the specimen, researchers have 
employed other way to get an image with a good contrast between the air voids and 
the matrix. A video camera equipped with special optical system is used to produce an 
image of the structure that can be processed with the help of special 
computing/digitizing technique. An image processor converts the analog image into a 
digital one which are processed to get a good contrast (Petrov and Schlegel 1994). In 
this study, surface preparation as described by Jacobs and Mayer (1992) was used as 
it is a simple and effective method. 
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2.5 Models used to predict permeability of concrete 
Many models and theories have been developed to link the transport properties 
of porous media to their microstructures, on the basis of microstructural parameters 
such as porosity, pore surface area, hydraulic mean radius, critical pore radius and 
porosity larger than some arbitrary pore size. During the past ten years, significant 
progress has been made in the area of relating pore structure to the values of transport 
coefficient to sedimentary rocks and now application to cementitious material has also 
been studied and considered. 
 
According to Garboczi (1990), a good pore structure transport (PST) theory 
should be based on experimental characterizations of the pore structure that are 
reproducible, simply interpreted and are directly relevant to transport properties. As 
such the theory should be based on a direct measurement of the pore structure of a 
single sample. These parameters should be of microstructural parameters that have a 
direct bearing on transport properties and the random connectivity and tortousity of 
the pore space should be treated realistically. 
2.5.1 Kozeny-Carmen theory 
This model is widely used in chemical engineering to predict flow through 
powder. The basic idea is to treat the pore structure as a collection of circular 
cylindrical tubes that are arranged in parallel and have length equal to the sample 
thickness in the flow direction. 
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=             (2.11) 
Where φ = Porosity 
s = Specific surface area 
 
To apply the Kozeny-Carmen equation, one must have an accurate 
measurement of the surface area relevant to flow. This is difficult to obtain because 
cement paste contains a substantial portion of fine-scale porosity (gel surface area) 
which does not contribute significantly to transport, hence the “relevant” surface area 
is often over-estimated.  
2.5.2 Katz-Thompson permeability theory 
The model uses a critical pore diameter and a single measurement of the 
conductivity of the fluid-saturated porous sample as inputs. These parameters are built 
into a prediction for permeability using percolation theory, which is a branch of 







=          (2.12) 
Where dc = Critical pore diameter 
 F = Formation factor 
dc is defined by the following thought process. Take a piece of hardened 
concrete and beginning with the largest pores and working down, fill each pore with a 
blue fluid. When enough pores have been filled so that there is a connected pathway 
of blue fluid from one side of the sample to the other, stop. The diameter of the last 
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pore filled is the critical diameter. This corresponds to the point of inflection in the 
cumulative intrusion curve of mercury. 
 
The formation factor F is a measure of the conductivity of the specimen and is 
used to reflect the connectivity of the pore space. F is measured using either electrical 
conductivity or diffusion measurement. Katz et al. (1987) also gives a prediction for F 
based on a mercury intrusion experiment. This would mean that permeability could be 








F φ=         (2.13) 
Where dmax
e
 = The electrical conductivity characteristic dimension that produces max. 
  conductance (dmaxe = 0.34dc for a very broad pore size distribution) 
            S(dmax
e
) = Fractional volume of connected pore space involving pore widths of 
       size dmax
e and larger 
 φ = Total porosity.  
Tumidajski (1998) concluded that Equation (2.13) appears to be valid for 
concrete while Equation (2.12) does not appear to hold for concrete specimens 
including those which incorporate supplementary cementitious materials. Various 
researchers had tried to verify the theory on cement pastes and concretes with 
differing conclusion. Garboczi (1990) reported that this is a good model for cement 
paste of w/c=0.4 giving the same order of magnitude for experimental and calculated 
values based on available test and results collected from various sources. Dieb (1994) 
used the model to calculate the permeability for 10 cement pastes measured by 
Hooton (1986) and 12 concrete mixes measured by Cox (1990). The model is not 
suitable for cement pastes and concretes as there are many parameters affecting 
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permeability and there is no single parameter that can be determined under the same 
conditions and situations as the others, as well as to those in the actual permeability 
testing.  
  
 There is also difficulty in assessing the tortuosity and connectivity of the pore 
network. Christensen et al. (1996) measured formation factor F directly using 
electrical methods instead of calculating from MIP result and previously reported 
permeabilities for similar pastes were used. There was agreement between 
experimental permeabilities and permeabilities calculated from impedance 
spectroscopy and MIP via the Katz-Thompson relationship is within 1.5 orders of 
magnitude over l-28 days and a range of w/c in cement pastes. However, work by 
Tumidajski (1998) gives contradictory conclusion.  
 
 Criticism of the Katz-Thompson theory has focused on the use of mercury 
intrusion to measure pore diameters. This is because the Washburn equation used to 
convert mercury intrusion pressures into pore diameters assumes circular cylinder 
geometry for all pores. This assumption cannot be correct in cementitious materials 
thus making the explicit use of dc questionable. The value of formation factor F for 
sedimentary rocks can be predetermined, as the sample can be saturated by a 
simulated pore fluid of known conductivity. However, in the case of cementitious 
materials, the conductivity of the pore fluid is not easily determined and is controlled 
by the hydration of the matrix, thus having a changeable chemical composition and 
consequently a fluctuating conductivity, as found by Christensen et al. (1996). This 
adds to the inaccurate estimation of the conductivity formation factor predicted by the 
theory. 
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2.5.3 Statistical modelling 
 Statistical modeling involves quantitative data about the size and spatial 
arrangement of pores or cracks. Unfortunately, the geometry of the porous space in 
cement paste and concrete is extremely complex. Calculations of permeability thus 
involve modelling the pore and crack geometry: usually the shape of the pores is 
represented by cylindrical pipes (capillaries) and thin circular discs representing 
cracks; a laminar regime is assumed for the fluid flow. Various models have been 
proposed in which different hypotheses are made concerning the spatial arrangement 
of the pipes and discs. Gueguen et al. (1989) developed a model in which a set of 







=          (2.14) 
Where n0 is the number of capillaries per unit volume and r
4 the fourth order moment 
of the radius distribution.  
 
 Two models are developed for the case of flow through capillary only and 
another for the model with flow through cracks. However, this model is unable to 
accurately predict concrete permeability because the porous characteristics are quite 
different from those of the model in the sense that pores and cracks may exist 
simultaneously. Moreover, the pore size distribution is very wide and preferential 
paths for fluid flow may exist in the strongly connected porosity. Ait Moktar et al. 
(1999) use a log-normal pore size distribution to first establish an analytic expression 
for the porosity in relation to an average pore radius and a location parameter. Ait 
Moktar et al. (2002) further developed the model by considering the porous structure 
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in a tridimensional cubic pore network and an assumption of a bimodal pore size 
distribution with representative radii. 
 
 Statistical approach needs the measurement of many quantitative data about 
porous medium and microcracking geometrical characteristics. For concrete the 
measurement technique creates some perturbations. So this theory is unable to predict 
concrete permeability.  
2.5.4 Computer network model 
 Hampton and Thomas (1993) developed a network model that accounts for 
variations in pore microstructure by using a two-dimensional network of tubes with 
different log-normal size distributions. Flow through the network is solved using the 
Hardy-Cross method. It is a method of successive approximations based on satisfying 
the following conditions: (1) the continuity equation, i.e., at any node the total inflow 
must equal the total outflow, (2) between any two nodes the total pressure drop is 
independent of the path taken. Therefore, the sum of the pressure drops around each 
loop must be zero. 
2.5.5 Composite model theory 
2.5.5.1 General effective media (GEM) theory 
In this model, concrete is considered as a bicomposite material: the high 
permeability capillary pores and low permeability phase consisting of C-S-H gel, CH, 
and unhydrated cement particles. The volume fraction and the permeability of each 
phase will determine the overall permeability of the OPC paste. The GEM equation 
developed by McLachlan (1989) for permeability is as follows: 




































     (2.15) 
Where φ = Capillary porosity 
          φc = Critical capillary porosity 
          kh = Permeability of the high permeability phase 














          k = Permeability of the bicomposite material = 22 )1)(8.1(
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kh can be obtained from Katz and Thomson equation. Results can be used to predict 
the permeability of both porous and dense PC paste. 
 
2.5.5.2 AAC modeling 
The models discussed in the earlier sections model the water passage through 
capillary pores. In the case of foamed concrete, the large artificial air pores require 
separate consideration. These large air pores behave like aggregates but with zero 
resistance to flow.  
 
Modeling of AAC’s permeability by Jacobs and Mayer (1992) takes this effect 
into consideration. The porous structure of AAC can be modelled as a material 
consisting of two components. One component represents the spherical air voids and 
the other one the cementitious microporous matrix. For simplicity, the air voids are 
modelled as cubes. Each of the six faces is covered by a slice of the matrix material.  




Figure 2.9 Cube model of the porous structure of AAC (Jacobs and Mayer, 1992) 
If the flux through the material is uniaxial, the fluid penetrates only the part Va of the 
matrix and the pores. The permeability of the whole material can be calculated 












+=          (2.16) 
 
Where  k = Permeability of the whole material 
kp = Permeability of the air voids 
km = Permeability of the matrix 
V = Volume of the whole material 
Vp = Volume of the air voids 
Vm = Volume of the matrix 
Va = Volume of the marix which contributes to the flux 
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Thus, permeability can be predicted from the air pores porosity once the permeability 
of the paste is known.  
 
2.6 Polymer in Concrete 
Polymers in concrete have made tremendous strides over the past 30-40 years. 
The mechanical as well as the durability properties of concrete have been proven to 
improve with the use of appropriate polymer. Thus, it is worthwhile to study its effect 
on permeability as it can potentially improve the permeability properties of foamed 
concrete. However, it also has its limitation. Cost is one of the main considerations. 
Secondly, it is not able to withstand high temperature, particularly fires. The third 
limitation is the odour, toxic and potential fire hazards that comes with the monomers 
and resins during construction or fabrication. 
2.6.1 Polymer impregnated concrete 
Polymer impregnated concrete (PIC) is a hydrated Portland cement concrete 
that has been impregnated with a monomer that is subsequently polymerized. This is 
possible as long as the monomer has access to the void spaces. Free water within the 
spaces is removed by drying of the concrete and the monomer is introduced into the 
concrete either by atmospheric or pressure soaking. Full impregnation implies some 
85% of the available void spaces after drying are filled. Partial impregnated concrete 
has polymer impregnated to a limited depth only.  
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The penetrated monomer then undergoes a process called polymerization to 
link into polymer. The three methods used for polymerization are thermal-catalytic, 
promoted-catalytic and ionic radiation. In the thermal-catalytic method, the 
polymerization method involves the use of chemical initiator and heat. The primary 
advantage of the method is that polymerization rate is very rapid which implies that a 
shorter time is needed and this process requires relatively simple heating equipment. 
In promoted-catalytic method, promoters and accelerators are used instead of a heat 
source. Thus, polymerization can occur at temperature of 5˚C or lower. The 
disadvantage of this method is the difficulty in obtaining predictable polymerization 
time. Ionic radiation method is less commonly used. Ionizing radiation, such as 
gamma rays emitted by cobalt-60, produces radicals that prompt the polymerization 
process. The procedure can be carried out at room temperature or lower resulting in 
less loss of polymer through evaporation. The disadvantages of this method include 
the high cost of radiation sources, the necessity of massive biological shielding and 
low polymerization rates.  
 
Partially impregnated concrete is intended to provide the concrete with a 
relatively impermeable, in-depth protective zone to increase the durability of concrete. 
While there might be some increase in the strength of the concrete, its main purpose is 
to increase the durability. It should be noted that the concrete pores in the 
impregnated zone contain less polymer than could be achieved with the full 
impregnation techniques. The impregnation of concrete surfaces with a suitable 
polymer has been shown to improve several important properties, including tensile, 
flexural and compressive strengths, young modulus, abrasion resistance, resistance to 
penetration by, and damage from, water, acids, salts, and other deleterious media and 
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resistance to freezing and thawing (Fowler 1999). In addition, there is some 
laboratory evidence that impregnating a chloride-contaminated concrete can 
effectively immobilize the chloride, at least to the depth of impregnation, if the cracks 
induced by drying are effectively sealed by the polymer (Manson et al., 1978) 
 
In the case of fully impregnated concrete, the free moisture within the concrete 
requires drying to be fully removed. The main purpose is to improve the strength of 
the concrete. This improvement is accompanied by improved resistance to water 
penetration and improved durability. The increase in strength in compression, tension 
and flexure can be up to 4-5 times of concrete without impregnation and modulus of 
elasticity is improved. Concretes subjected to either high or low pressure steam curing 
prior to impregnation generally result in higher strengths than comparable concretes 
which were moist cured at room temperatures (Steinberg et al., 1968; Auskern, 1971). 
Fully impregnated concrete is restricted to application in concrete that can be made 
and handled in precast plant operations.  Another limitation of PIC is the loss of 
stiffness and strength at temperatures greater than the softening point of the polymer. 
However, for a typical acrylic-concrete system, the improved mechanical properties 
should be retained because of the excellent insulating properties of concrete. 
2.6.2 Polymer concrete 
Polymer concrete (PC) is a composite material in which the aggregate is 
bound together in a dense matrix with a polymer binder. The composites do not 
contain a hydrated cement paste, although Portland cement can be used as an 
aggregate or filler. Polyester-styrene, acrylics and epoxies are the widely used 
monomer or resins but vinyl ester, furan and urethane have also been used. Sulphur is 
also considered a polymer and sulphur concrete has been used for applications 
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requiring high acid resistance (Fowler, 1999). Polymer concretes are also used as 
patching material for Portland cement concrete, skid resistant protective overlay and 
wearing surface on concrete, structural and decorative construction panels, sewer 
pipes, equipment vaults, drainage channels, lining in carbon-steel pipes for 
geothermal applications, swimming pool and patio decking (Fowler and Paul, 1978; 
Fontana et al., 1978; Kukacka and Fontana, 1977; Fowler et al, 1983).  
 
With such a wide ranging application, performance of PC is dependent upon 
the specific polymeric binder as well as the type of aggregate and its gradation. Co-
polymerization techniques allow the production of a variety of binders with a wide 
range of physical properties. Generally, polymer concrete can have high tensile, 
flexural and compressive strengths, good adhesion to most surfaces, good freeze thaw 
resistance, low permeability to water and aggressive solutions and good chemical 
resistance.  
2.6.3 Polymer-modified concrete (or Polymer Portland cement 
concrete (PPCC), latex modified concrete) 
Polymer-modified concrete (PMC) are produced by Portland cement and 
aggregate with organic polymer added at the time of mixing. Latex consists of simple 
molecules which are combined into large molecules through the process of 
polymerization. Polymer dispersions are added to the concrete to improve the 
properties of the final product. These properties include improved bond strength to 
concrete substrates, increased flexibility and impact resistance, improved resistance to 
penetration by water and by dissolved salts and improved resistance to frost action. 
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A wide variety of polymers have been investigated for use in PPCC (ACI SP-
58; ACI SP-69; Akihama et al., 1973; Popovics and Tamas, 1978; Kuhlman, 1981; 
Chandra S. et al., 1998). Of these, the latex polymers have been most widely used and 
accepted.  
 
Common PPCC polymers   
1) Latex 
a. Styrene butadiene 
It is used in concrete for 20 yrs (Kuhlman, 1981) and has effectively 
demonstrated its suitability in PPCC. Water absorption is significantly 
reduced (Ohama, 1973; ACI 548, 1992). The improvement in the 
properties increased as the latex content increased. This is similarly 
observed in water vapor transmission (Ohama, 1973; ACI 548, 1992). 
There are also significant improvement to chemical attack and 
corrosion (Rossignolo et al., 2002), carbonation resistance (Ohama et 
al., 1984), chloride permeability (Clear and Chollar, 1978; Kuhlman, 
1990) as well as resistance to freezing and thawing.  
b. Acrylic polymers 
The polymer contributes to bond as well as tensile and flexural 
characteristics of the modified mortar (Lavelle, 1988). These polymers 
are designed to improve specific properties of cement mixtures such as 
flexural strength, adhesion, abrasion resistance and impact strength 
Resistance to penetration of chloride ions improved significantly as 
well (Lavelle, 1982). 
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2) Epoxy resins 
It is a group of thermosettings resins which, when reacted with a curing agent, 
cure to a tough, chemical resistant polymer. When emulsified and mixed with 
concrete, they provide excellent freeze-thaw resistance, a high degree of 
impermeability and improved chemical resistance. They are more expensive 
than most latex polymers. Some epoxies are susceptible to colour change and 
deterioration from exposure to sunlight.  
 
The mixing and handling of PPCC is similar to conventional Portland cement 
concrete and mortar materials. However, the curing is different. Conventional 
concrete requires extended periods of 100 percent moist conditions for ideal cure 
while the film forming feature of PPCC is such that after one day of moist curing, the 
surface can be uncovered. By then, a film has formed on the surface, retaining internal 
moisture for continued cement hydration while the exposed surface air dries. The 
concrete can then be placed in service. Subsequent rewetting of the PPCC may cause 
the latex to re-emulsify or redisperse with a reduction in strength properties.  
 
Latex modification is governed by two processes: cement hydration and latex 
coalescence. Generally, cement hydration occurs first and as the cement particles 
hydrate and the mixture sets and hardens, the latex particles become concentrated in 
the void spaces. With continual water removal by cement hydration, evaporation, or 
both, the latex coalesce into a polymer which is interwoven in the hydrated cement 
giving a comatrix that coats the aggregate particles and lines the interstitial voids. 
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Latex modification helps in two ways. The latex particles reduce the rate and 
extent of moisture movement by blocking the passages and when microcracks form, 
the latex polymer film bridges the cracks and restrict the propagation. This results in 
increased tensile strength and fracture toughness. The moisture movement blocking 
property naturally works both ways and also restricts the ingress of most fluids. The 
optimum degree of polymer modification is usually achieved at 10-20% dry latex 
solids by weight of cement of the mixture.  
 
Latex modification in epoxy polymer differs slightly. The polymer is formed 
after the components of the epoxy are added to the hydraulic cement mixture. This 
means that polymerization occurs concurrently with the hydration of the cement. The 
two part system contains a surfactant which disperses the epoxy resin throughout the 
cement mixture and antifoam to prevent excessive entrainment of air. 
 
The cured epoxy forms small spherical particles in the hardening cement paste 
that are interconnected with thin epoxy layers, giving an irregular, but coherent 3-d 
network interwoven throughout the cement paste. These networks act as a secondary 
cementing network and contribute to the increased flexural strength, tensile strength 
and abrasion resistance and decreased permeability of the modified system. It also 
coats the surfaces of the interstitial voids. The internal structure is similar to that of a 
styrene-butadiene latex-modified concrete.  
 
In this study, polymer concretes modified by acrylic-based polymer are 
studied to determine their effectiveness in improving the water permeability resistance 
of foamed concrete. Acrylic latex and styrene butadiene latexes are cheaper options to 
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epoxy. Though both acrylic and styrene butadiene show promise in mechanical 
properties of improving water permeability resistance, acrylic is able to improve the 
compressive strength of concrete as well. 
 
2.7  Summary 
 
 The ingress of water into foamed concrete is mainly due to pressure difference 
and capillarity. On top of the factors that affect the ingress of water in normal 
concrete, there are additional factors that affect water ingress into foamed concrete 
due to the high void content of foamed concrete. Currently there is a dearth of 
information about the mechanism that influences water ingress due to the high void 
content in foamed concrete. These are of interest in this study. 
 
Current permeability test equipments are based either on the flow method and 
penetration method. Drawbacks of existing test setups are also discussed. In order to 
obtain reliable permeability coefficients, these drawbacks have to be addressed.  
 
The existing models used to predict the permeability of concrete are reviewed 
to see if they are suitable to be applied to foamed concrete. Finally, a review of the 
effect of polymer on concrete was done to see if they can potentially improve the 
water resistance of foamed concrete.  




DESIGN AND FABRICATION 
OF PERMEABILITY CELL 
 
3.1  Introduction 
A permeability cell was developed with the main objective of overcoming 
some of the drawbacks of the existing permeability test setups as described in §2.3.3. 
On top of that, various considerations such as the functional performance, 
complementary performance of the design, its physical attributes such as the shape, 
geometry dimension of the vessel, its aesthetic requirement as well as the cost were 
taken into account in the design of the permeability cell. The test setup should also be 
made of durable material. 
 
The permeability cell was designed as a pressure vessel that will be able to 
withstand the pressure which the vessel is subjected to during the permeability test. 
All pressure vessels were designed to yield or leak before they fracture. Small 
pressure vessels, as in the case of this permeability cell, were designed such that the 
material will yield much before the existing crack becomes critical for fast fracture. 
The pressure vessel was designed with a factor of safety 4 as recommended by ASME 
Boiler and Pressure Vessel Code. 
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3.2  Description of new permeability test setup 
 
  The test set-up essentially consists of a small pressure vessel within which a 



































         Figure 3.1 Diagram of Permeability Vessel 
 
 
 The test specimen is first placed on the base plate with a silicone closed cell 
sponge sandwiched in between.  The top cover is then placed onto the test specimen 
and the silicone sponge.  The water outlet bush is then placed on top of the cover plate 
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and the M20 bolt is finally used to secure this assembly.  The whole assembly is then 
inserted into the steel pressure vessel with an O-ring placed in between.  The cover 
plate is secured onto the steel pressure vessel with 12 numbers of M16 bolts and nuts. 
 
 The pressure vessel is then filled with water through the pressure inlet onto 
which a valve would be fixed.  Any trapped air would escape through the de-airing 




Figure 3.2 Schematic diagram of permeability cell 
  
 Pressurized water is then applied into the pressure vessel through the pressure 
inlet.  During the test, the quantity of water entering the pressure vessel was measured 
with respect to time.  This is monitored using a volume change meter. The 











































Where Kw = Permeability coefficient (m/s), 
 γw = Specific weight of water (= 9800 N/m3), 
 Q&  = Rate of flow (m3/s), 
 h = Height of test specimen (m), 
 ri = Internal radius of hollow cylinder (m), 
 ro = Outer radius of hollow cylinder (m)  
 ∆P = Pressure differential (N/m2). 
 






















Where K = intrinsic permeability (m2)  
 ν = viscosity of water (= 1.003 x 10-3 Ns/m2). 
 The derivation of equations (3.1) and (3.2) are provided in Appendix A. As the 
permeability setup requires an unconventional sample shape, a mould was designed to 
cast the concrete into a hollow cylinder. 
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3.3 Design Considerations 
3.3.1 Overcoming drawbacks of current Permeability test set-ups 
 
 The common drawbacks of the current permeability test set-ups were reviewed 
in §2.3.3 and the measures to circumvent them are illustrated as follows: 
 
(ii) Specialized sample requirement 
 
 In the proposed test set-up, the dimension of the specimen had no effect on the 
mechanism of leak-proofing the test set-up.  The test specimen, being a hollow 
cylinder, only needs to have a flat and parallel surface at both ends.  This can be 
easily achieved by grinding both the ends of the specimen.  In overcoming the need 
for specialized sample requirement, the permeability test set-up has an added 
advantage in that specimen of various sizes can be tested in the same equipment. 
 
 In current permeability test-ups, the test specimens are usually cylindrical 
where flow is linear through the flat ends as illustrated in Figure 3.3.  Therefore, the 
dimension would be governed by depth over surface area to ensure sufficient rigidity 
against bending which becomes more critical when high pressure is used.  This 
requirement limits the efficiency of the test set-up in which higher surface area and 
lower depth is desirable for higher fluid flow and faster attainment of steady state 
flow. 
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Linear Flow Radial Flow   
 




 In the proposed test set-up, inward radial flow of fluid is applied onto the 
hollow cylinder as shown in Figure 3.3.  Under such boundary condition, only 
compressive stress will develop in the test specimen.  This allows for high pressure to 
be applied as concrete can generally withstand high compression.  The hoop, radial 




















































































=σ   (3.5) 
 




 σθ = hoop stress, 
 σr = radial stress (MPa), 
 σz = longitudinal stress (MPa), 
 ri = internal radius of hollow cylinder (m), 
 ro = outer radius of hollow cylinder (m), 
 Pi = internal pressure (MPa), 
 Po = external pressure (MPa). 
 
 
 An analysis was carried out to determine the hoop and radial stresses 
distribution that would develop in the cylindrical test specimen with inner and outer 
radius of 15mm and 75mm, respectively, when an external pressure is applied.  The 
results shown in Figure 3.4 and 3.5 indicates that a maximum hoop stress of 2.2 times 
the external pressure would develop at the inner cylindrical surface while a maximum 
radial stress of 1.2 time the external pressure would develop at the outer cylindrical 
surface. The maximum longitudinal stress would be 1.04 times the external pressure.  
Hence knowing the compressive strength of the concrete to be tested, the maximum 
applied pressure can be limited accordingly. 
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Figure 3.4 Graph of Hoop stress over outer pressure 
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(ii) Small quantity of flow 
 
 In the proposed test set-up, the fluid flow is relatively high due to the large 
external cylinder surface area.  In addition, the wall thickness of the hollow 
cylindrical test specimen need not be very thick for the application of high pressure as 
demonstrated earlier.  The new configuration of the test specimen hence allows both 
more fluid flow and a shorter flow path.  More fluid flow allows for greater accuracy 
in test results while shorter flow path would result in faster attainment of steady state 
flow.  The permeability test can therefore be carried out in shorter time and greater 
accuracy. 
 
 (iii)        Leakage around the sample 
 
 In the proposed test set-up, water tightness is inherent in the design.  Firstly, 
water tightness is only required between planar surfaces which can be easily achieved 
by the use of gaskets and application of pressure.  Secondly, the fluid pressure on the 
bottom of the test specimen further enhances this water tightness as it increases the 
contact pressure between the gaskets and the specimen.  As the bolt to induce contact 
pressure between the specimen and the gaskets is outside the test vessel, the bolt can 
be further tightened after pressuring the vessel.  This would ensure that the contact 
pressure between the gasket and the test specimen is larger than the cell pressure, a 
general requirement for water tightness. 
 
 (iv)  Air voids in test set-up causing disturbance 
 
 In the proposed test set-up, de-airing mechanism is provided to ensure that no 
air is trapped within the test set-up.  As an added precaution, the test specimen is 
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recommended to vacuum saturated to ensure that no error arises due to air trapped in 
the specimen and also shorten the time taken to attain steady state flow. 
3.3.2 Functional requirements 
 
 The permeability test equipment was designed to accommodate a test 
specimen of outer diameter 150mm and wall thickness of 60mm.  This would ensure 
that the test specimen is homogeneous taking into consideration that 20mm 
aggregates are usually used.  An internal diameter of the pressure cell of 180mm was 
chosen which provide a clearance of 15mm between the pressure cell and the test 
specimen.  As for the height of the test specimen, a dimension of 300mm was chosen 
to provide for a flow rate which could be measured comfortably without the need of 
specialized high precision instrument.  The flow rate was first estimated based on the 
commonly known permeability coefficient of concrete given in Table 2.1 in Chapter 2.  
The flow rate was also estimated for a pressure which would be within the allowable 
for the concrete based on the findings in §2.2.5. 
  
 Considering Darcy’s flow equation for radial flow, the permeability equipment 
was designed such that there is no flow of water across the top and bottom ends of the 
test specimen.  To achieve this, the test specimen was positioned in between the base 
and cover plate and silicone sponges were provided between the test specimen, and 
the cover and base plate.  In addition, the test specimen was secured between the base 
and cover plate by means of the base plate bolt and a M20 nut.  Besides ensuring no 
flow of water across the top and bottom ends of the test specimen, this arrangement 
also had some added advantages.  Firstly, the pressure in the vessel would exert the 
base plate against the test specimen and provide additional contact pressure on the 
silicone gasket.  Secondly, the M20 nut can be tighten after applying the cell pressure, 
Chapter Three: Design and fabrication of permeability cell 
 67 
also for additional contact pressure on the silicone gasket.  Thirdly, the water 
tightness mechanism of the test set-up would be independent of the specimen height 
and hence provide flexibility on the specimen size. 
 
 The cover was secured onto the pressure vessel using 12 numbers of M16 
bolts and nuts and an O-ring was clamped in between.  This mechanism has been 
proven to be very effective for water tightness of many pressure vessel designs.  As 
any trapped air bubbles in the pressure vessel will eventually act as a tension field 
resisting the permeation of pressurized water through the concrete specimen, a 
provision has also been made in the equipment to easily de-air the pressure vessel. 
 
 The design also took into consideration that the equipment should be 
portable and assembled by one person.  The structural design of the pressure vessel to 
determine the required dimensions and thicknesses against yielding failure or 
excessive deflection or deformation is provided in Appendix A2. 
 
3.3.3 Material selection 
 
 
 Table 3.1 shows some of the commonly used material for pressure vessels and 
their respective properties such as its yield strength, density, price, its density to yield 
strength ratio (ρ/σy ) and its price density to yield strength ratio (Pρ/σy x10
6). Its 
density of yield strength ratio would compare the efficiency of the material in terms of 
its yield strength to weight. A lower ratio means that the vessel design is lighter whilst 
designed for the same strength capacity.  The smaller the ratio, the more desirable the 
material is. However, when cost of the material is taken into account by multiplying 
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its density to yield strength ratio by its price, it would ensure a more cost efficient 
material being selected.  
 
 In designing the permeability test set-up, it is required that the vessel be cost 
effective, light and portable, easily molded, and corrosion resistance.  As such, Alloy 
Steel and Aluminum Alloy are considered for the vessel design. However, as Alloy 
Steel has much better price, density to yield strength ratio, it was decided that alloy 
steel would be used for the vessel.  
 
 Some of the properties of common standard alloy steel or more commonly 
known as stainless steel is shown in Table 3.2 below. Local manufacturer 
recommended the use of stainless steel for the pressure vessel.  
 





















200 2.5 240 13 2.1 
Alloy Steel 1000 7.8 750 7.8 3.9 
Mild Steel 220 7.8 450 36 10.8 
Aluminium Alloy 400 2.7 1650 6.8 7.5 
Fiberglass 200 1.8 3000 9 18 
CFRP 600 1.5 75,000 2.5 125 
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 Annealed 655-690 310 
21-6-9 VIM/ESR 96 RB 770 470 
ASTM A-276 34 RC 1000 900 
304 70-90 RC 485-620 170-345 
 10-35 RC 700-1240 345-1035 
316 70-85 RC 500-620 210-415 
 10-30 RC 700-1035 345-860 
321, 347 70-90 RC 500-655 210-380 
 10-35 RC 700-1035 345-860 
 
3.3.4 Analysis of the vessel 
 
 For the design of safe pressure vessels, they are designed such that it either 
yield or leak before they break. Small vessels are designed such that the material of 
the vessel will yield much before any existing crack may become critical for fast 
fracture. In the case for large pressure vessels, design safety is achieved by ensuring 
that the smallest crack that will propagate unstably has a length greater than the 
thickness of the vessel wall. Such leaks are easily detected and it releases the pressure 
gradually. Hence, in the design of the permeability cell, it is designed to yield before 
breaking as in the case for small vessels. The pressure vessel was designed to take a 
pressure of 4 MPa. This will ensure a measurable flow for most concretes. The 
detailed analysis of the vessel is provided in Appendix A.1. 
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3.4 Fabrication of test set-up 
 
 
 The detail drawings for the fabrication of the permeability test equipments are 
provided in Appendix A.2. The equipment essentially comprises four main 
components, namely the steel pressure vessel, base plate, cover plate and bolt and 
water outlet bush.  They are shown in Figures 3.6 to 3.9 respectively. Ordinary high 
tensile bolts and nuts were used for securing the assembly. Other peripherals for 
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Figure 3.8 Cover plate 
 
 
Figure 3.9 Water outlet bush with bolt 
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3.4.1 Other components of setup 
 
 The other components (refer to Figures 3.10 – 3.12) of the permeability setup 
are the water pressure system, the pressure gauge and volume change meter. The 
pressurized water was obtained by the expanded air bladder and this water passed 
through the volume change meter which determines the amount of water that 
penetrates into the concrete. The pressure of the water was measured by pressure 
gauge which was attached to the water inlet of the permeability cell. 
 
      
Figure 3.10 Expanded bladder                          
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Figure 3.11 Volume change meter 
 
Figure 3.12 Pressure gauge attached to the permeability cell inlet 
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3.5 Evaluation of test set-up 
 
The performance and reliability of the test set-up was evaluated by comparing 
the permeability coefficients obtained from existing permeability data reported by two 
previous researchers with those obtained from the test set-up. The detail of the test 
mixes is presented in Table 3.3 and experimental results obtained for these 2 mixes 
using the new permeability set-up are detailed in Table 3.4. 
 
Table 3.3 Mix design and properties of test concrete 
 
Test Mix X1 X2 
Source Wong, 1998 Dieb and Hooton, 1995 
Mix Design 
w/c ratio 0.6 0.69 
water (kg/m3) 190 200 
cement (kg/m3) 317 290 
sand (kg/m3) 923 684 





Porosity (%) 13.0 -- 
Water permeability 
coefficient, k (m/s) 
6.404 x 10-13 2.04 x 10-12 ~ 3.66 x 10-12 
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Table 3.4 Experimental results of the test mix using the current  
permeability test set-up 
 
Mix X1 X2 
Compressive Strength Results 
3-day (MPa) 26.53 17.54 
7-day (MPa) 32.67 22.89 
28-day (MPa) 38.49 27.12 
Properties of specimen 1 
Water permeability 
coefficient, k (m/s) 7.5 x 10-13 9.0 x 10-13 
Intrinsic permeability (m2) 7.7 x 10-20 9.3 x 10-20 
Porosity (%) 15.2 19.3 
Properties of specimen 2 
Water permeability 
coefficient, k (m/s) 8.0 x 10-13 8.7 x 10-13 
Intrinsic permeability (m2) 8.2 x 10-20 8.9 x 10-20 
Porosity (%) 14.9 19.2 
Average results from water permeability test 
Water permeability 
coefficient, k (m/s) 7.8 x 10-13 8.9 x 10-13 
Intrinsic permeability (m2) 7.9 x 10-20 9.1 x 10-20 
Porosity (%) 15.1 19.3 
 
 From Table 3.3 and Table 3.4, the properties of Mix X1 and Mix X2 were 
close to those reported by Wong (1998) and Dieb and Hooton (1994) respectively. 
The permeability coefficients obtained are similar within an acceptable range. This 
indicated that the newly developed water permeability test set-up is able to evaluate 
the permeability of concrete specimens accurately and can produce reliable results for 
reference and comparison with other researches. Also from the results presented in 
Table 3.4, it was observed that the water permeability test set-up produces consistent 
results with little variation. Hence the newly developed water permeability test is an 
accurate, reliable and consistent method for evaluating the permeability of concrete.






4.1  Materials 
4.1.1  Cementitious material 
 Equal portions by weight of Ordinary Portland Cement (OPC) and Ground 
Granulated Blast Furnace Slag (GGBFS) were used to form the paste of the foamed 
concrete. The chemical composition and physical properties of OPC and GGBFS are 
given in Table 4.1. OPC was tested according to SS 397 and complied with SS 
26:2000 requirements. The cement compounds were estimated based on Bogue’s 
equations (refer to Appendix A5).  
 
Table 4.1 Physical properties and chemical compositions of ordinary Portland cement 










SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O 
OPC 3.15 3130 20.57 5 3.23 64.3 2.35 2.57 0.7 0.07 
GGBS 2.90 4480 32.50 13.80 0.2 42.9 5.8 2 - - 
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4.1.2  Chemicals 
Superplasticiser was added to improve workability. Super 20, a ready-to-use 
aqueous solution of a modified naphthalene sulfonate and selected highly purified 
organic compounds was used for this purpose. Super 20 is a low viscosity liquid that 
contains no chloride and has been formulated to comply with BS 5075: Part 3: 1985.  
 
Protein-based foaming agent with a specific gravity of 1.1 was used to 
produce preformed foam using a foam generator. The polymer used was 100 % 
acrylic emulsion, which contains 47 % solids by mass. Its appearance is a milky 
emulsion and it is non-ionic. Its density at 25oC is 1.06 kg/litre.  
4.2  Sample casting and curing 
The casting of foamed concrete was done according to ASTM C 796-04.  The 
ambient temperature during mixing and casting was 27 ± 3o. In order to minimize 
bleeding, which can drastically increase the permeability of cement paste especially if 
channeling occurs, double mixing was employed. A test was carried out to determine 
the optimum w/c ratio that can minimize bleeding. Three mixes with different initial 
mixing but the same final mixing water of 0.5 were produced and the result is 
presented in Table 4.2 and Figure 4.1.  
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Table 4.2 Result of bleeding test 
 
Mix Designation 1 2 3 
Final w/c ratio 0.5 0.5 0.5 
Initial w/c ratio  0.2 0.3 0.5 
Total Height 7.9 8.2 8.2 
Bleeding water height 1 0.38 0.4 0.6 
Bleeding water height 2 0.4 0.38 0.6 
Bleeding water height 3 0.4 0.4 0.6 
Average water height 0.39 0.39 0.60 
Bleeding capacity % 4.98 4.80 7.32 
 
 

























Figure 4.1 Effect of initial mixing water on bleeding 
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The initial optimum w/c ratio lies between 0.2 and 0.3 and initial mixing water 
that corresponds to an initial w/c ratio of 0.24 is used. The first batch of water was 
mixed for 2 minutes and the second batch of water was mixed for a further 4 minutes. 
The casting of polymer-modified foamed concrete was done in a similar way as that 
of foamed concrete except that acrylic polymer was added together with the mixing 
water during mixing.  
 
After casting and finishing, the specimens were also covered with plastic 
sheets to avoid direct exposure to wind and hence minimize evaporation during the 
first 24 hours to avoid surface cracking.  The covered specimens were kept at the 
same temperature until demoulding.  For the specimens used for water permeability 
test, the centre cylinder rod was removed after 4 hours. It allows sufficient time for 
the concrete to gain enough strength to prevent a collapse when the rod is removed 
while preventing further shrinkage to occurs around the rod such that the rod cannot 
be removed with ease.  
 
After 24 hours, the specimens were demoulded. The cement pastes and 
foamed concretes were stored in the fog room for curing. Concretes were moist-cured 
for 28 days before using for various studies.  Specimens that are used to determine 
water permeability test were moist cured by soaking in water until it is placed in the 
test setup to prevent micro cracks from developing in the specimens. The polymer 
modified foamed concrete underwent a different curing process. To obtain maximum 
physical properties, acrylic latex-modified cement mortars were moist curing by 
soaking in water for 24 hours and subsequently cured in air for 28 days. This 
procedure is in contrast to unmodified mortar for which optimum strength properties 
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were achieved by continuous wet-curing. The reason for this difference is that in order 
for the latex to beneficially modify the properties of the mixture, it must be allowed to 
coalesce and form a film. The removal of water was crucial in this film-forming 
process. Thus, acrylic latex-modified foamed concrete specimens used for this study 
were moist cured for one day and air-cured at room-temperature condition for 28 days 
before using for various tests. For each mix, the types of concrete specimens to be 
cast are shown in Table 4.3. 
Table 4.3 Types of specimens cast 
 
Type of experiment Sample shape Sample size 
Compressive strength test Cube 100mm 
Dry Density Cube 100mm 
Water absorption test Cube 100mm 
Sorptivity test Cube 100mm 
Microscopy Cube 100mm 
Water permeability test 
and porosity test 
Hollow cylinder 
Inner dia.= 100 mm  
Outer dia.= 30 mm      
Nominal height = 100 mm 
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4.3  Mix design 
Three types of concretes were prepared, namely the cement paste, foamed 
concrete and polymer-modified foamed concrete (refer to Table 4.4). They aimed to 
investigate the effect of the following parameters on strength, degree of saturation and 
water ingress characteristics. 
• Effect of foamed content and porosity (Series 1, 2 and 3) 
• Effect of water cement ratio (Series 1 and 2) 
• Effect of quantity of polymer addition (Series 4) 
The polymer used in this study consists of 50% water and 50% polymer solids. As 
such, the water added was reduced accordingly.
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CP1 0 - 0.5 1880 601.5 601.5 601.5 - - 
F1A 20 - 0.5 1500 481.0 481.0 481.0 - 27.59 
F1B 40 - 0.5 1020 361.0 361.0 361.0 - 27.95 
F1C 50 - 0.5 980 301.0 301.0 301.0 - 34.48 
1 
F1D 60 - 0.5 760 240.5 240.5 240.5 - 41.42 
                      
CP2 0 - 0.35 2040 734.0 734.0 513.8 - - 
F2A 20 - 0.35 1620 587.0 587.0 410.9 - 13.82 
F2B 40 - 0.35 1250 439.0 439.0 307.7 - 27.69 
F2C 50 - 0.35 1040 367.0 367.0 256.9 - 34.50 
2 
F2D 60 - 0.35 840 293.5 293.5 205.5 - 41.41 
                      
CPP1 0 10 0.35 1920 684.5 684.5 410.7 136.9 0.00 
PF1A 20 10 0.35 1530 547.5 547.5 328.5 109.5 13.40 3 
PF1B 50 10 0.35 940 342.0 342.0 205.2 68.4 33.52 
                      
PF2 50 5 0.35 1020 354.0 354.0 230.1 35.4 33.52 
PF3 50 15 0.35 980 331.0 331.0 182.1 99.3 33.50 4 
PF4 50 20 0.35 960 320.5 320.5 160.3 128.2 33.50 
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4.4  Experimental Procedure 
4.4.1  Compressive strength 
Strength gives an overall picture of the quality of the concrete (Neville, 1995) 
and the uni-axial strength in compression is commonly accepted as a general index of 
concrete strength (Mehta, 1989). Compressive strength test was carried out on 100 
mm cubes according to BS 1881: Part 116 (1991). Avery-Denison compression 
machine of 2000 kN capacity which met the specification stipulated in BS 1881: Part 
116 (1983) was used in this test. A loading rate of 200 kN per minute was adopted. 
Three cube specimens were tested for each compressive strength datum and the 
average value was obtained. The compressive test was conducted on the pure cement 
paste, foamed concrete and polymer modified foamed concrete at age 28 days.  
4.4.2  Density 
Both the wet density and the dry density were measured. The wet density was 
measure by measuring the weight of wet concrete required to fill up a standard 






=ρ           (4.1) 
Where ρw = Wet density (kg/m3) 
Ww = Weight of the wet concrete required to fill up 100mm cube mould (kg) 
Vc = Volume of the 100mm cube mould (m
3) = 0.001 m3 
 
Dry density was measured according to: 
V
Wd
d =ρ           (4.2) 






=           (4.3) 
Where ρd = Dry density (kg/m3) 
ρw = Density of water (kg/m3) 
Wd = Weight of the oven dry specimen (kg) 
Ws = Weight of the specimen measured under water (kg) 
V = Volume of the specimen (m3) 
4.4.3 Water absorption test 
The water absorption of concrete was measured in accordance to BS 1881: 
Part 122:1983 except that water temperature of 30 ºC was used instead of 20 º. The 
cubes were oven dried at 105 ºC for 3 days and such that each one is not less than 
25mm from any heating surface or from each other. On removal from the oven, each 
specimen is cooled for 1 day in the dry airtight vessel.  
 
After that, the sample is weighed and immediately immerse in a tank and to a 
depth such that there is 25 ± 5 mm water over the top of the specimen. After removing 
from the water, they were surface dried and weighed to the nearest 0.01g on an 
electronic balance. The absorption value is the percentage mass gain over the initial 
dry mass corrected for surface area as outlined in the standard. Since the specimens 
used in this project have a length of 100mm, the correction factor is 1.00833. The 
average values from three specimens are taken and the results are expressed to the 
nearest 0.1 %. 
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4.4.4 Sorptivity test 
The water sorptivity test procedure adopted within this project was similar to 
that outlined in EN ISO 15148. It is important that the specimens have the same initial 
moisture content. In this project, the following procedure was carried out to ensure 
this condition. 100 mm concrete cubes were moist cured for 28 days, followed by 
drying at 105˚C in the oven for a further 1 day and left to cool at test condition until 
the weight of each specimen stabilized to within 0.1% of its total mass, when 
measured over 24 hour. The sides of the samples were coated with silicone to ensure 
that the water absorption is one dimensional.  
 
Each concrete specimen was tested by placing it in such a way that the water 
level is 5 + 1 mm above the bottom surface of the specimen. Water absorbed was 
measured by weighing the specimen to the nearest 0.01 grams on an electronic 
balance at time intervals of 5 min, 20 min, 1 h, 2 h, 4h, 8h, 12h, 18h and 24h. During 
the test, the wet surface of the specimen was wiped with a dampened cloth before its 
weight was recorded, to ensure a consistent moisture condition on the surface. 
Weighing was carried out as quickly as possible to minimise water evaporation from 
the specimen.  
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The water sorptivity coefficient Sw (which is commonly expressed in 
mm/min0.5 for concrete) may be determined by 
i = A’ + Sw t  (4.4) 
where Sw = coefficient of water sorptivity (mm/min
0.5), 
 A’ = constant (mm3/mm2), 
 t = time of exposure (min), and 
 i = cumulative vol. of water absorbed per unit area of inflow surface 












=  (4.5) 
Where W∆ = Increase in the weight of the specimen (g), 
 A = Cross-sectional area (m2), calculated as 22500 mm2 for 150 mm cubes, 
 Wt = Weight of the specimen after a test duration t (g), 
 W0 = Initial weight of the specimen (g), and 
 wρ = Density of water, which is taken as 1000 kg/m
3. 
A graph of I against √ t is plotted and the gradient of the straight line graph is taken as 
the sorptivity coefficient. 








Figure 4.2: Schematic diagram of experimental set-up for water sorptivity test. 
4.4.5  Water permeability test 
The water permeability set up described in Chapter 3 was used to determine 
the permeability of the specimens. The samples require some preparation before 
putting it to test. As the setup requires the top and bottom surface of the sample to be 
flat, the samples were grinded to produce two flat surfaces. Also, as foamed concrete 
has a high surface porosity, it was necessary to fill up the tiny voids at the top and 
bottom surface to ensure that the pressurized water do not find a pathway through the 
surface. Polyurethane water proofing sealant was used for this purpose. This sealant 
serves to fill up the voids and strengthens the top surface from cracking. The test 
specimens were placed in the test setup and inflow of water was monitored and 
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4.4.6 Water content determination 
 The water content at steady state flow of the specimen was determined after 
the permeability test. The weight of each concrete specimen, W1, was measured after 
the water permeability test. Following that, each specimen was oven-dried at 105oC 
for 3 days, and the weight of the specimen, W2, was measured. Total porosity of each 
concrete specimen was then calculated as follows: 
 












where P = Total porosity (%) 
 W1 = Weight of water-saturated specimen (kg), 
 W2 = Weight of oven-dried specimen (kg), 
 wρ  = Density of water, which is taken as 1000 kg/m
3, 
 h = Height of specimen (m), 
 ro = Outer radius, which is 0.075 m for the specimens used in this project, 
and 
 ri = Inner radius, which is 0.0175 m for the specimens used in this project. 
4.4.7 Mercury Intrusion Porosimetry 
 The mercury intrusion porosimetry (MIP) was used to determine the total 
porosity of the cement pastes. Mercury intrusion porosimetry characterizes a 
material’s porosity by applying pressure to a sample immersed in mercury. The 
pressure required to intrude mercury into the sample’s pore is inversely proportionate 
to the size of the pores and the capillary law is governed by the Washburn–Laplace 
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equation. Mercury porosimetry can be applied over a capillary diameter range of 
0.003 µm to 360 µm.  
 
MIP tests were performed with a Micromeritics Autopore III mercury 
porosimeter with a maximum 413 MPa injection pressure. A contact angle of 141.3˚ 
and a mercury surface tension of 485 x 10-3 N/m were assumed. In order to carry out 
the test, water content had to be completely removed from the samples by vacuum 
drying for one day. This was done placing the samples in a vacuum oven maintained 
at a temperature of 35 - 40˚C. The vacuum in the oven is maintained using a vacuum 
pump. The porosity percentage was obtained once the total pore volume and the bulk 
volume were determined. 
4.4.8  Microscopy 
This aim of this investigation is to determine pore size characteristics of the 
specimens. Cuboids of size 70mm by 70mm by 30mm thick were cut from a cube. 
The top surface of the cuboids was polished by grinding it with fine polishing paper to 
attain a smooth surface. The polished surface was colored by permanent black ink in 
two perpendicular directions to ensure that the entire surface was covered with the ink. 
The ink was allowed to dry. White plaster powder was then used to apply to the 
surface to fill the up void. Thus after the surface treatment, the sample consists of the 
matrix which was black in color and the voids which were white in color. An image 
of the coated surface is captured using a scanner with an optical resolution of 2400dpi 
in both the x and y direction. This image is processed by software to attain the bubble 
size distribution of a 60 x 60mm area (Jacobs and Mayer, 1992). The purpose of 
surface preparation is to give a distinct contrast between the cement matrix region 
(black in color) and the bubble region (white in color) so that the image process can 
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accurately count and measure the diameter of the bubble region. Figure 4.3 showed 












In order to ensure that the image obtained and the post processing accurately 
measured the pore size distribution of the specimens, various factors were considered 
and tested out. 
a) Resolution.  
To have a good image for post processing, it is necessary to ensure that 
each bubble is sufficiently represented. Artificial air bubbles have diameter 
in the range of 0.1-1 mm (Taka and Nakano, 1983).  The resolution of the 
scanner used is 2400dpi. Thus the diameter of the smallest bubble is 
represented by 9.45 pixels which can sufficiently represent the bubble.  
Calculation:  
1inch = 25400 µm 
Since 25400 µm = 2400 pixels 
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              100 µm = 9.45 pixels 
Thus, the smallest diameter is represented by 9.45 pixels which can 
sufficiently represent the bubble. 
 
b)  Effect of coating 
Coating is required so that the void and the matrix region will be clearly 
defined for better image detection. It is necessary to ensure that coating the 
surface with black ink and powder to fill up the void to improve the image 
detection will not distort the surface. For this purpose, two images of the 
same area were taken. One image does not have any surface coating 
(Figure 4.4(i)) and another with coating (Figure 4.4(ii)). The image 
containing the void (white area) and matrix (black region) underwent 
image processor to produce a third image (Figure 4.4(iii)). This image 
which has been processed by an image processor will be used for the 
counting process (Figure 4.4(iii)). This image is superimposition onto the 
image of the original uncoated surface. Comparing these two images, the 
void and the paste region coincide. This shows that the image processor is 
able to capture an image from the coated surface coating which does not 
distort the void and matrix region (Figure 4.4(iv)).  
 
The average diameter of the air void is of the range 0.1 – 1mm while the 
mean particle size of white cement is 27µm. Thus, the powder is small 
enough to fill up the air void fully. 
 
Chapter Four: Experimental details 
 92 
 
Figure 4.4 (i) Uncoated surface (ii) Coated surface (iii) Image detection of coated 
surface (iv) Superimposition of image detected (in red) and uncoated surface 
 
c) Reliability of software detection  
Two images of the same concrete surface were processed by the software 
to obtain the pore size distribution of the concrete. Image 1 is the image 
that was untreated and directly obtained from the scanner while image 2 
was processed to ensure to sharpen the image and improve the contrast. 
Figure 4.6 showed that the pore size distribution of the two images does 
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Figure 4.6 Pore size distribution of Image 1 and 2 from the image processor 




RESULTS AND DISCUSSION 
 
5.1 Introduction 
The mix design and the types of tests carried out on each concrete specimen 
had been described in details in Chapter Four. In this chapter, the results of 3 series of 
concrete tests are presented and discussed. The details of the composition of each mix 
are given in Table 5.2 and the mixes can be categorized into the following series: 
 
Series 1: Foam concrete with foam content ranging from 0 – 60% and w/c ratio = 0.5 
Series 2: Foam concrete with foam content ranging from 0 – 60% and w/c ratio = 
0.35 
Series 3: Polymer foam concrete with foam content ranging from 0 – 60% and w/c 






1. Percentage of polymer solids over cementitious material by weight  
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5.2  Mechanical Properties 
5.2.1  Porosity 
Porosity is an important parameter that directly affects the compressive 
strength as well the permeation properties of concrete. The types of voids that are 
present in concrete are gel pores, capillary pores, entrapped air and entrained air and 
the sum of all these gives the total porosity. One of the unique characteristics of 
foamed concrete is its large quantity of entrained air. For NWC, the entrained air 
added do not go beyond 15% but in the case of foamed concrete; it can be as high as 
80%. This high porosity of foamed concrete has a direct influence in its properties 
which will be discussed in details in the succeeding sections. 
 
Various types of void parameters will be defined and used for the discussion 
that follows. They are namely, the actual foam content, total porosity and water 
content and degree of saturation after permeability test. The actual foam content is the 
amount of air added into the concrete through the addition of foam. This very likely 
will differ from the designed foam content used in the mix design as the foam content 
added during the casting varies due to difficulties in controlling accurately the actual 
foam volume added-in and the approximation of foam density used in the mix design.  
Another source of variability is the possibility of foam bubbles bursting at the surface. 
The actual foam content is calculated based on the dry density of the foamed concrete 
and cement paste after 28 days of curing. The dry density is obtained by heating the 
cubic specimens in the oven for 3 days at 105˚C to completely drive out the water. 
The weight of the dried specimen is then determined. The volume of the specimen is 
measured indirectly from the mass of the specimen in water and Archimedes' 
principle is used to calculate the volume of the specimen.  
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After obtaining the dry density for the cement pastes and foamed concrete, the 
actual foam content is calculated based on the assumption that the difference in the 
dry density between the cement paste and foamed concrete with the same w/c ratio is 
due to the replacement of the paste with air void. A derivation is found in Appendix 






        (5.1) 
 
Where FC actual = Actual foam content (%) 
 ρ = Dry density of foamed concrete (kg/m3) 
 ρCP = Dry density of cement paste with the same w/c ratio as the foamed 
concrete                         (kg/m3) 
Equation 5.1 is calculated based on the following assumptions: 
1) After 28 days of curing, the paste of the foamed concrete has the same 
characteristics as the cement paste with the same w/c ratio. 
2) The weight of air is negligible. 
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Total porosity of foamed concrete is the sum total of the gel pores, capillary 
pores and air entrained by foam. The total porosity of cement paste consists of gel 
pores and capillary pores and this was determined using mercury intrusion 
porosimetry. The porosity of the cement pastes obtained from MIP is presented in 
Table 5.1. The total porosity of foamed concrete is theoretically determined by 
assuming that the pore characteristics of the paste region of the foamed concrete is the 
same as that of a cement paste with the same w/c ratio. Thus the total porosity is the 
sum of the capillary and gel pores in the paste region and the actual foam concrete 
(refer to equation 5.2). Notably, the porosity of the cement paste with 10% polymer 
addition is significantly higher than the cement paste with the same w/c ratio. Thus, it 
may be concluded that polymer addition introduced addition air or voids into the 
cement paste.  





1(     (5.2) 
Where FC actual = Actual foam content (%) 
PCP = Porosity of cement with the same w/c ratio as the foamed concrete (%) 
 










CP1 0.5 0 26.6 
CP2 0.35 0 17.9 
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Water content after water permeability test was determined by the volume of 
water that was lost after the tested permeability specimens were oven dried at 105˚C 
for 3 days which would drive out all the evaporable water. This quantity was 
compared with the total porosity to determine the degree of saturation after the 
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CP1 0 0 0.5 1880 1815 0.00 26.6 12.11 - 
F1A 20 0 0.5 1500 1438 20.79 41.9 23.87 63.63 
F1B 40 0 0.5 1020 1083 40.36 56.2 27.99 48.90 
F1C 50 0 0.5 980 896 50.67 63.8 29.16 44.65 
1 
F1D 60 0 0.5 760 594 67.26 76.0 24.72 32.35 
  
CP2 0 0 0.35 2040 2009 0.00 17.9 24.60 - 
F2A 20 0 0.35 1620 1551 22.81 36.6 39.20 94.84 
F2B 40 0 0.35 1250 1142 43.16 53.3 38.07 57.97 
F2C 50 0 0.35 1040 956 52.41 60.9 36.93 48.94 
2 
F2D 60 0 0.35 840 757 62.31 69.1 34.21 38.90 
  
CPP1 0 10 0.35 1920 1708 0.00 27.8 24.47 88.03 
PF1A 20 10 0.35 1530 1439 15.79 39.2 29.60 75.50 
PF1B 40 10 0.35 1180 1026 39.96 56.7 31.48 55.56 
PF1C 50 10 0.35 940 840 53.6 53.6 - - 
3 
PF1D 60 10 0.35 800 708 58.56 70.1 37.12 52.97 
* Percentage by volume         
** Percentage of polymer solids over cementitous material (by weight)     
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The entrained air bubble formed from foam may not be fully saturated with water 
after the water permeability test. The percentage of bubble saturation gives the proportion 
of the entrained bubble that has been filled with water. The percentage of bubble 
saturation was estimated by assuming that the water content in the paste portion of the 
foam concrete is in proportion to the water content of cement paste with the same w/c 
ratio (refer to Equations 5.3 – 5.5). 
 
WCFC = WCmatrix + WCBB        (5.3) 





paste −×         (5.4) 





     (5.5) 
Where 
WCFC     = Water content of foamed concrete (%) 
WCmatrix = Water content in cement matrix (%) 
WCBB       = Water content in entrained bubble (%) 
WCpaste  = Water content of cement paste with the same w/c ratio  
             as the foamed concrete (%) 
PFC            = Porosity of foamed concrete (%) 
FCont    = Foamed content of foamed concrete (%) 
FCactual   = Actual foam content (%) 
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During water permeability test, the top and bottom surface of the specimens were 
coated with a thin layer of polyurethane to smoothen out the uneven surface due to the air 
voids present and also to provide a water proofing coat. It is necessary to ensure that 
when these specimens, which are coated with polyurethane, are heated in oven to 
determine the degree of water saturation; the weight change is due to the loss of water 
rather than due to a change in the weight of polyurethane. Thus a test was carried out to 
ensure that polyurethane would not cause a significant weight change under heat. Pieces 
of hardened polyurethane were placed in the oven at 105 ˚C and the weight change was 
monitored. The result is presented in Table 5.3. It shows that heat does not result in a 
significant weight change in polyurethane. 
 
Table 5.3 Weight change of Polyurethane after heating 
  Specimen designation 
Mass Change of Polyurethane (g) 1 2 
Initial Mass 6.482 7.408 
Mass immediately after drying for 7 
days 
6.426 7.35 
Mass after cooling down in air - 7.474 
Mass after cooling down in 
desiccators 
6.428 - 
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Figure 5.1 Effect of foam content on water content of the specimen after water 
permeability test 
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Figure 5.2 Effect of foam content on bubble saturation of foamed concrete after 
permeability test 
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As the foam content increased, an increase in water content was expected as the 
total porosity had increased. However, as presented in Figure 5.1, there was no 
significant increase in water content for foamed concrete without polymer addition. The 
water content plateau when the foam content went beyond 20% for foamed concrete. This 
indicated that each entrained air bubble was only partially filled with water during steady 
state flow. The water content did not increase when the volume of air bubble increases. 
 
A further calculation to estimate the percentage of bubble saturation indicated that 
as foam content increased, the percentage of each bubble that was filled with water 
decreased (refer to Figure 5.2). However this does not mean that there was lesser water 
flowing though the void. At each cross section, the total quantity of water passing 
through the air void may in fact be higher. This is illustrated in Figure 5.3.  




Figure 5.3 Schematic diagram of cross sectional flow 
 
This trend however is not similarly observed in polymer foamed concrete. There 
is a general increase in water content as the foam content increases and there is no 
significant decrease in the degree of bubble saturation. A reason for this is that the matrix 
of polymer foamed concrete does not have the same quality as the cement paste with 
polymer and the same w/c ratio. The gap filling mechanism of polymer changes when the 
void content increases. The polymer lined up the side of the bubble rather than fill up the 
gaps in the matrix region. As the foam content increases, the quality of the paste 
deteriorates. This in turn increases the degree of saturation.  
Total matrix quantity at each cross section 
Total water occupying air void at each cross 
section 
Total unfilled air void at each cross section 
a) Foam concrete with low 
foam content and high 
percentage of filled bubble  
b) Foam concrete with high 
foam content and low 
percentage of filled bubble  
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5.2.2 Compressive Strength 
In foamed concrete, the entrained foam bubbles can be visualized as aggregates 
with no resistance to loading, thus as the amount of entrained air bubble increases, the 
strength decreases. At a lower w/c ratio, the matrix is denser leading to higher strength. 
Foamed concrete with a w/c ratio of 0.35 has a higher compressive strength than foamed 
concrete with a w/c ratio of 0.5 for the same foam content. Both of these phenomena can 
be seen from the compressive strength result presented in Figure 5.4 and Table 5.4.  
 
Polymer addition did not improve the compressive strength of the foamed 
concrete and cement paste. From Figure 5.4, for the same w/c ratio, foamed concrete 
without polymer addition has a higher compressive strength than those with polymer 
addition. Polymer addition can generally improve the tensile strength while its effect on 
compressive strength has varying consequence. In the study conducted by Ohama and 
Kan (1983), the compressive strength improved when the styrene butadiene latex 
polymer is added. However, Lavelle (1988) showed that the 28 days compressive 
strength of a moist cured mortar has a slightly higher compressive strength than air cured 
acrylic modified concrete with polymer – cement ratio of 0.1 to 0.2. The lower 
compressive strength observed in the polymer foamed concrete may be due to the higher 
air entrainment that resulted from polymer addition as it is observed that cement pastes 
with polymer addition have a higher porosity. 
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Table 5.4 Compressive strength results 
 
 









Void (%) Sample 1 Sample 2 Sample 3 Average 
CP1 0.5 0.0 26.6 56.1 42.7 49.3 49.4 
F1A 0.5 20.8 41.9 23.4 24.3 22.5 23.4 
F1B 0.5 40.4 56.2 11.0 12.4 12.2 11.8 
F1C 0.5 50.7 63.8 7.8 7.9 7.5 7.7 
1 
F1D 0.5 67.3 76.0 2.7 2.8 3.0 2.8 
CP2 0.35 0.0 17.9 83.2 79.7 68.9 77.3 
F2A 0.35 22.8 36.6 39.0 30.4 36.3 35.2 
F2B 0.35 43.2 53.3 11.9 10.1 11.7 11.3 
F2C 0.35 52.4 60.9 4.0 5.1 4.6 4.5 
2 
F2D 0.35 62.3 69.1 2.6 2.1 3.3 2.7 
CPP1 0.35 0.0 27.8 40.3 40.7 38.0 39.6 
PF1A 0.35 15.8 39.2 27.0 27.3 27.5 27.3 
PF1B 0.35 40.0 56.7 9.5 9.0 11.3 9.9 
PF1C 0.35 53.6 53.6 5.6 5.6 5.9 5.7 
3 
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Figure 5.4 Compressive strength plotted against actual foam content 
 
Compressive strength of concrete is closely related to the porosity of concrete.  A 
downward trend is observed from a plot of compressive strength against porosity (refer to 
Figure 5.5). This shows that the compressive strength of concrete is fundamentally 
related to the porosity of the concrete. The trend follows an exponential function (refer to 
Figure 5.6) A difference in w/c ratio, polymer content and foam bubble content can all 
results in variation in the porosity of concrete which in turn affects compressive strength. 
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concrete w/c = 0.35
 
Figure 5.6 LN of Compressive strength against porosity  
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5.3  Water Transport properties 
The transport properties studied here are water absorption, sorptivity and water 
permeability. Water absorption and sorptivity measure the water ingress due to capillarity 
while water permeability test measures the water ingress due to pressure gradient. A 
summary of the results are presented in Table 5.5. 
5.3.1  Water absorption and sorptivity 
Both sorptivity and water absorption measures the water ingress due to capillary 
suction of unsaturated concrete placed in water where no head of water exists. The flow 
in sorptivity test is one dimensional while the flow in water absorption test is three 
dimensional. Figure 5.7 presents the effect of foam content on water absorption 
characteristics.  
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Figure 5.7 Effect of foam content on water absorption 
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Figure 5.8 Effect of foam content on the water absorption of unit volume of paste 
 
 
As the foam content increases, the water absorption coefficient decreases for the 
same w/c ratio. There are two reasons for this. Firstly, as the total foam content increases, 
the amount of paste decreases thus decreasing the absorption ability of concrete since 
water is taken in through the capillaries in the paste. Another reason the entrained air 
bubble hinders water from flowing through. The entrained air bubbles acts as a blockage 
to the ingress of media.  The air trapped inside the foam bubble hinders water from 
entering into bubble. The entrained air bubbles here do not get saturated with water that 
can become a channel that freely allows water to pass through. This blocking effect is 
more obvious for concrete with a lower w/c ratio. Figure 5.8 shows the effect of foam 
content on the water absorption characteristics of each unit volume of paste. A constant is 
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observed for w/c ratio = 0.35 while there is an increase when w/c ratio = 0.5. This is 




Figure 5.9 Direction of flow of water by capillaries, with or without entrained air bubble 
 
The foam content is not the only factor affecting the water absorption of foamed 
concrete. The quality of paste is as important as the quantity of paste. From Figure 5.7, it 
can be seen that the water absorption is higher at lower w/c ratio. Thus a denser matrix 
with finer capillaries inhibits the ingress of water through absorption. Comparing series 2 
(without polymer) and series 3 (with polymer), it is observed that the polymer content do 
not significantly affect the water absorption characteristics. The sorptivity coefficient 
gives similar trends as water absorption coefficient. (refer to Figure 5.10 – 5.11).  
a) Cement paste (without                                  
entrained air bubble) 
a) Foamed concrete (with                                 
entrained air bubble) 
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Figure 5.10 Effect of foam content on sorptivity 
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Figure 5.11 Effect of foam content on the sorptivity of unit volume of paste 
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CP1 0 - 0.5 0 146.8 0.01969 
F1A 20 - 0.5 20.7 133.3 0.01840 
F1B 40 - 0.5 43.7 106.6 0.01591 
F1C 50 - 0.5 49.4 93.2 0.01498 
1 
F1D 60 - 0.5 64.4 81.2 0.01392 
  
CP2 0 - 0.35 0 87.4 0.00987 
F2A 20 - 0.35 21.4 60.9 0.00927 
F2B 40 - 0.35 40.8 38.6 0.00758 
F2C 50 - 0.35 51.0 38.0 0.00654 
2 
F2D 60 - 0.35 57.7 27.6 0.00519 
  
CPP1 0 10 0.35 0 67.7 0.01341 
PF1A 20 10 0.35 28.7 40.8 0.00553 3 
PF1B 50 10 0.35 53.6 35.2 0.00602 
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5.3.2  Water permeability coefficient 
 The cylindrical specimens were put to test in the water permeability test set up 
described in chapter 3. The inflow at steady state was used for permeability coefficient 
determination. Appendix A3 shows how this value is obtained. The permeability 
coefficients are presented in Table 5.6. 
 
 Foamed concretes with a lower w/c ratio have a denser matrix. As shown in 
Figure 5.12, foamed concrete with a lower w/c ratio have a lower permeability coefficient 
across the foam content considered in this test. The permeability coefficient also 
increased when the foam content increased. This is in contrast to water ingress through 
capillarity (in water absorption and sorptivity test) where the water ingress is impeded in 
the presence of entrained foam bubble. In the case of pressurized water flow, the air voids 
improve the ease of water flow through the material. 
 
It is also observed that for foamed content < 40%, k/km ratio is similar for both 
w/c = 0.35 and 0.5. The ratio deviates when the foam content goes beyond 42%. This 
may be explained work reported by Wee, T. H. et. al (2006). It was observed that higher 
incidence of void coalescing was observed with air content going beyond 42%. Due to 
the weaker matrix for foamed concrete with higher w/c ratio, the effect of coalescing is 
more prominent for w/c ratio of 0.5 as compared to w/c ratio of 0.35. Therefore, its k/km 
ratio increases more significantly at higher w/c ratio due to the formation of bigger air 
void. 












































Figure 5.12 Effect of foam content on permeability coefficient 
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content (%) Specimen 1 Specimen 2 Specimen 3 Average 
k.km 
CP1 0.5 0 0.00 3.738 2.419 - 3.078 1.00 
F1A 0.5 20 20.79 3.429 5.340 - 4.384 1.42 
 F1B 0.5 40 40.36 6.008 7.093 - 6.551 2.13 
F1C 0.5 50 50.96 13.390 16.248 - 14.819 4.81 
 F1D 0.5 60 67.41 28.377 22.808 - 25.593 8.31 
                  
 CP2 0.35 0 0.00 1.748 1.994 - 1.871 1.00 
F2A 0.35 20 22.81 2.345 2.259 - 2.302 1.23 
 F2B 0.35 40 43.16 3.168 4.180 3.843 3.730 1.99 
F2C 0.35 50 52.41 3.894 5.525 5.774 5.064 2.71 
 F2D 0.35 60 62.31 6.029 4.222 - 5.125 2.74 
                  
CPP1 0.35 0 0.00 1.072 -18.830 - 1.477 1.00 
 PF1A 0.35 20 15.79 65.778 81.279 - 73.528 49.77 
PF1B 0.35 40 39.96 3603 2880 - 3241 2190 
 PF1C 0.35 60 58.56 767600 707200 - 737400 499000 
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5.3.2.1 Effect of polymer addition 
 In this study, polymer is added into the foamed concrete to improve the 
permeability resistance. In polymer modified concrete, latex coalesce into a polymer 
which is interwoven in the hydrated cement giving a comatrix that coats the aggregate 
particles and lines the interstitial voids. Thus, the latex particles reduce the rate and extent 
of moisture movement by blocking the passages. However, results from this study 
indicate that polymer addition does not improve the permeability of foamed concrete.  
 
Polymer addition improves the permeability resistance of cement paste (refer to 
Figure 5.13). However, polymer addition drastically increases the water permeability 
coefficient when the foam content increases.  The permeability coefficient of foamed 
concrete with polymer increases by several orders with increase in foam content (refer to 
Table 5.6). 
 
An explanation for this is that the beneficial effect of filling up of interstitial void 
decreases when the void content significantly increases. The matrix of foamed concrete 
with polymer addition may have been significantly altered from the cement paste as some 
of the polymer lined the bubble surface rather than fill up the interstitial void of the 
matrix. Microstructural study also shows that the average air void size of foamed 
concrete with polymer addition is significantly bigger than foamed concrete without 
polymer addition (refer to Figure 5.15). These two factors may have lead to a weaker and 
thinner matrix wall, making the air voids more connected. 
 
































Cement paste with w/c
ratio = 0.5
Cement paste with w/c
= 0.35
Cement paste with
polymer and w/c = 0.35
 
Figure 5.13 Permeability coefficients of paste 
 
5.3.2.2 Effect of inlet pressure 
 Darcy’s law is applied to materials whose intrinsic permeability is insensitive to 
the difference to the applied pressure of the water.  In the case of foamed concrete, the 
permeability coefficient was found to depend on the applied pressure of the water.  
  
To study the effect of inlet pressure, the water pressure was increased in steps for 
the same specimen. The specimen chosen was foamed concrete with a w/c ratio of 0.5 
and foam content of 50%. A porous mix (w/c = 0.5) with high foam content (50%) was 
chosen so that the effect of foam content on the intrinsic permeability will be more 
pronounced. The initial time to allow the specimen to reach steady state was longer as the 
initial pressure was low. Subsequently, the specimen was allowed to reach steady state 
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for at least 2 days for each pressure increment. The result is presented in Table 5.7 and 
Figure 5.14. 















1 0.100 4.131 303.8 
2 0.329 5.188 55.6 
3 0.601 8.188 52.8 
4 0.341 5.038 56.0 




Figure 5.14 Effect of applied pressure on permeability 
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 The pressure was increased incremental from step 1 to 3 after which the pressure 
was decreased again from step 3 to 5. The permeability coefficient increased from step 1 
to 3. There are two possibilities for this. Firstly, the increase in pressure had increased the 
degree of bubble saturation thus allowing the water to permeate through the material with 
greater ease. The second possibility is that the increase in pressure causes the matrix to 
fracture and some of the material has been washed in the process. However, the effect of 
the second possibility is not likely because when the pressure is decreased from step 3 to 
5, the permeability again decreases instead of maintaining the same permeability or even 
increase. Thus, the driving pressure of water will affect the degree of saturation of 
foamed concrete which in turn affect the permeability of foamed concrete. 
 
 This observation is in line with what was observed in the water absorption and 
sorptivity test. The bubble in foamed concrete hinders the ingress of water in these two 
ingress mechanisms. This showed that a driving pressure is required to overcome the 
pressure in the air bubble for water to ingress through the bubble. Up to a certain level, as 
the pressure increases, the ease of flow through the entrained air void also increases.  
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5.4  Microstructural Studies 
Image analysis was carried out as described in §4.4.8.  The average air void 
diameters of the cut section were calculated and presented in Figure 5.15. It was also 
observed that the air void size of polymer foamed concrete has significantly higher than 
foamed concrete without polymer addition. This bigger sized air void could be the reason 
why the foam bubble of polymer foamed concrete are more connected and has a higher 
permeability. Another observation from the image analysis is that the air void size 
distribution does not vary greatly. Most of the air bubbles are in the 0.1 – 0.2 mm range 
(refer to Figure 5.16). 
 
 
Figure 5.15 Average air void size of foamed concrete 
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Figure 5.16 Air void size frequency 
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5.5  Summary of experimental findings 
Foam content has opposing effect on water permeability and absorption properties. 
As foam content increases, the water permeability coefficient increases, while the 
sorptivity and water absorption coefficient decrease. This has to do with the degree in 
which the air void gets filled up in the process of flow. Water is not expected to seep into 
the air void in foamed concrete during the process of water ingress due to capillary since 
the matrix alone contains the capillaries to take in the water.  Thus water ingress due to 
capillarity is inhibited by the entrained air bubble. 
 
However, in the case of water ingress due to pressure gradient, the pressure can 
drive some of the water into the air void which can significantly improves flow as the air 
void virtually present zero resistance to the flow. Thus, as the air void content increases, 
the overall resistance to flow drops, leading to an increasing flow rate. 







6.1  Numerical Modeling Using FLUENT 
In this chapter, a numerical model and an analytical model were used to predict 
the permeability of foamed concrete. These results were compared with the experimental 
results and the suitability of each model was assessed. 
 
6.1.1  Description of FLUENT program 
FLUENT is a computational fluid dynamics software which is used for modeling 
fluid flow and heat transfer in complex geometries. FLUENT uses the finite volume 
method to solve conservation equations for mass and momentum for all types of flow. 
The basic form of the two equations is as follows: 










         (6.1) 
Where ρ4 = Density (kg/m3) 
 t = Time (s) 
 v = Velocity (m/s) 
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Sm= The mass added to the continuous phase from the dispersed second phase and 
any user-defined sources (kg) 







ρτρρ ).().()(       (6.2) 
Where ρ = Density (kg/m3) 
 t = Time (s) 
 v = Velocity (m/s) 
 p = Static pressure (N/m2) 
 g = Gravitational potential (m/s2) 
 τ = Stress tensor (N/m2) 
F = External body force (N) 
 
In solving the model, a control-volume-based technique which consists of the 
following steps is used (FLUENT 4.4 User guide, 1997):  
1) Division of the domain into discrete control volumes using a computational grid. 
2) Integration of the governing equations on the individual control volumes to construct 
algebraic equations for the discrete dependent variables (“unknowns") such as velocities, 
pressure, temperature, and conserved scalars. 
3) Linearization of the discretized equations and solution of the resultant linear equation 
system to yield updated values of the dependent variables. 
 
The solver reaches convergence through the following process: 
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1) Fluid properties are updated, based on the current solution. (If the calculation has just 
begun, the fluid properties will be updated based on the initialized solution.) 
2) The u, v, and w momentum equations are each solved in turn using current values for 
pressure and face mass fluxes, in order to update the velocity field. 
3) Since the velocities obtained in Step 2 may not satisfy the continuity equation locally, 
a Poisson equation for the pressure correction is derived from the continuity equation and 
the linearized momentum equations. This pressure correction equation is then solved to 
obtain the necessary corrections to the pressure and velocity fields and the face mass 
fluxes such that continuity is satisfied. 
4) Where appropriate, equations for scalars such as turbulence, energy, species, and 
radiation are solved using the previously updated values of the other variables. 
5) When interphase coupling is to be included, the source terms in the appropriate 
continuous phase equations may be updated with a discrete phase trajectory calculation. 
6) A check for convergence of the equation set is made. 
These steps are continued until the convergence criteria are met. Figure 6.1 shows a flow 
chart of the solution process. 
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Figure 6.1 A summary of the solution process (FLUENT user manual) 
6.1.2  Description of Model 
In FLUENT modeling, the foamed concrete is modeled as a 3D cube with a 
spherical void in the centre to represent the entrained foam bubble. The interface between 
cement matrix and spherical void is modeled in two ways. In the first way, the interface 
between the cement matrix and spherical void is fully permeable. The entrained foam 
bubble is filled with water and water can flow through the interface freely. This is 
representative of the scenario where the bubble becomes fully saturated with water and 
the foamed bubble is very well connected to the matrix (refer to Figure 6.2a). In the 
second model, the interface is modeled as an impermeable wall. This is representative of 
the scenario where water cannot flow through the entrained foam bubble at all (refer to 
Figure 6.2b).  
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A single cell is used as representation of the entire foamed concrete. This model 
assumes that the bubbles in the foamed concrete are of one size and that they are equally 
spaced in a cubic structure throughout the concrete. Though the foam bubble are not of 
the same size in reality, a single bubble size is a good representation as microstructural 
studies showed that the foam bubble size do not vary greatly and most of the bubbles are 
in the 0.1 – 0.2 mm range (refer to Figure 5.16 of chapter 5).  
 
Figure 6.2 A simple diagram of the two models 
 
One of the limitations of this single cell model is that it is unable to geometrically 
represent foamed concrete with foam content going beyond 52%. The diameter of the 
sphere will exceed the length of the matrix cube beyond 52%. This shows that at high 
foam content, the assumption that the bubbles are arranged in a cubic arrangement is no 














a) Model 1 – Permeable interface b) Model 2 – Impermeable interface 
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structure, face-centered cubic structure or hexagonal close packing should be used instead 
(Refer to Figure 6.3). Table 6.1 shows the packing fraction of each of the arrangement. 
These other arrangements are however not modeled in the scope of this project. 
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Table 6.1 Packing fraction of various lattice arrangements 
 
Lattice arrangement Packing fraction* (%) 
Simple Cubic 52.00 
Body Centred Cubic 68.01 
Face Centred Cubic and 
Hexagonal Close Packing 
74.05 
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Foamed concrete is modeled as a composite consisting of the cement matrix 
modeled as a porous media and the entrained foam bubble model in the two ways 
described earlier. The porous media model used for the matrix incorporates an 
empirically determined flow resistance. The overall permeability of the composite is 
calculated from the flow rate which is obtained from FLUENT output.  
 
Porous media model in FLUENT is essentially an added momentum sink in the 
governing momentum equations. Porous media are modeled by the addition of a 
momentum source term to the standard fluid flow equations. The source term is 
composed of two parts: a viscous loss term (Darcy, the first term on the right-hand side of 

















jiji CDS υρυµυ        (6.3) 
Where  Si is the source term for the ith (x, y, or z) momentum equation 
Dij and Cij are prescribed matrices. µ is the fluid viscosity and υ is the 
fluid velocity.  
  
 This momentum sink contributes to the pressure gradient in the porous cell, 
creating a pressure drop that is proportional to the fluid velocity (or velocity squared) in 
the cell. Another important consideration for the model is the boundary conditions. The 
types of boundary conditions used are described in the following section. 
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Types of boundary conditions 
1) Wall 
The four sides of the cube which is parallel to the direction of flow are defined 
using the wall boundary condition. Wall boundary conditions are used to bound 
fluid and solid regions. 
2) Pressure inlet 
Pressure inlet boundary condition is used to define the top surface of the cube 
perpendicular to the direction of flow. This boundary condition is used as the 
pressure inlet is known but the mass flow rate and the velocity are unknown. The 
treatment of pressure inlet boundary conditions by FLUENT can be described as a 
loss-free transition from stagnation conditions to the inlet conditions. For 
incompressible flows, this is accomplished by application of the Bernoulli 
equation at the inlet boundary. 
3) Pressure outlet 
Pressure outlet boundary condition is used to define the top surface of the cube 
which is perpendicular to the direction of flow. At pressure outlets, FLUENT uses 
the boundary condition pressure that is input into the program as the static 
pressure of the fluid at the outlet plane and extrapolates all other conditions from 
the interior of the domain. 
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6.1.3  Model Suitability Test 
Various tests were conducted to test the suitability of single cell model for 
modeling foamed concrete. One of the tests conducted is to ensure that a single cell is 
representative of the entire model which consists of many repeated cell. Three different 
cells arrangement were tested and the results are presented in Figure 6.4 and Table 6.2 
respectively. As shown from the test result, the ratio of the overall permeability and 
permeability of the matrix is consistent for the three cell arrangement. Thus, the single 
cell is a sufficient representation of the entire foamed concrete which consists of multiple 
cells. 
 
Parameter of each single cell used 
Foam content = Vol. of bubble / Total Vol. = 30% 
Permeability of matrix = 1e-18 m2 
Diameter of the bubble = 0.1mm 
Length matrix cube = 0.1204 mm 
 
Figure 6.4 Arrangement of cells used in test 
a) 1 x 1  b) 2 x 1 x 2  c) 2 x 2 x 1  
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Table 6.2 FLUENT model test result of single versus multiple cell representation 
 Size (l x b x h) k/km 
a) 1 x 1 x 1 2.33 
b) 2 x 1 x 2 2.33 
c) 2 x 2 x 1 2.33 
  
Another test that was conducted on the model was to see if the ratio of the overall 
permeability and the permeability of the matrix (k/km) is independent of the permeability 
of the matrix (km). The results are presented in Table 6.3.  
 
The ratio k/km is consistent for permeability of matrix in the order of 10-19 to 10-
13 m2 which is well within the range for concretes used in this study. The slight deviation 
of the end boundary is probably due to truncation error. When the foam content is 52% 
the edge of the sphere is very near to the edge of the cube, giving rise to the slow 
convergence as reflected in the table. Since k/km ratio is independent of the permeability 
of matrix, this quantity shall be used as parameter for comparison for the rest of the 
modeling results. 
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d (m) L (mm) km (m
2
) k/km 




15.5 0.08 0.12 
5.12E-13 0.147 





30 0.1 0.12 
6.15E-13 2.06 
1.02E-19 NA - Divergent 
1.54E-19 Slow convergence 
1.02E-16 Slow convergence 
1.02E-15 4.265 
1.69E-14 4.265 





A third test was carried out to check the effect of the size on the ratio of k/km. A 
series of test is run on models with the same foam content but different bubble sizes and 
correspondingly, different matrix sizes. The results are presented in Table 6.4. As shown, 
the size has little effect on the k/km ratio. This shows that for the same foam content, 
scaling does not have significant effect on the overall permeability. 
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0.2 0.2559 2.01 
0.15 0.1919 2.01 
0.1 0.1279 2.01 
0.08 0.1024 2.01 
0.064 0.08188 2.01 
0.0512 0.06551 2.01 
25 




A final test is conducted to ensure that the overall permeability is dependent on 
the foam content and not sensitive to the size of the bubble. The earlier test showed that 
the effect of scaling has negligible effect for the same foam content. This test is used to 
further show that the size of the bubble has little effect on the overall permeability as long 
as the foam content is the same. 
Three models with the same foam content but different bubble arrangement are 
shown in the Figure 6.5. Based on the result presented in Table 6.5, the effect of bubble 
size is negligible. 
The parameters used in the models are as follows.  
Foam content = 15% 
Length of cubic matrix = 1.5 mm 
Permeability of paste = 1 x 10-17 m2 
Diameters 
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a)     b) 
   
c)  
 
Figure 6.5 Bubble arrangement of different model  
 
Table 6.5 Effect of different bubble size on overall permeability 
k/km 




a Single bubble 1.59 0.79 
b 









Based on the four tests carried out, the magnitude of the diameter of the foam 
bubble, the magnitude of the matrix dimensions and the permeability of the paste in the 
range that is of interest, do not affect the k/km ratio. Therefore, in this study, a single cell 
Chapter 6: Modeling 
 138 
consisting of a single bubble is used to study the effect of foam content and the interface 
between the matrix and bubble.  These are the primary parameters affecting the ratio of 
k/km in the FLUENT model used. 
6.1.4  Modeling results 
The effect of foam content on the ratio of the overall permeability and the 
permeability of matrix (k/km) are presented in Table 6.6 and Figure 6.6 respectively. The 
results are obtained from numerical analysis from FLUENT.  
 









5.00 1.158 0.927 
10.00 1.333 0.858 
15.00 1.593 0.791 
20.00 1.755 0.727 
25.00 2.017 0.666 
30.00 2.331 0.606 
35.00 2.727 0.548 
40.00 3.258 0.491 
45.00 4.077 0.433 
50.00 5.881 0.374 
50.30 6.074 0.370 
52.00 8.669 0.348 
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Figure 6.6 Effect of foam content on k/km based on FLUENT analysis results  
 
In the case of permeable interface, the permeability of the foamed concrete 
increases as the foam content increases. When the foam content is below approximately 
20%, the increase is nearly linear and exponential upwards beyond that. For the 
impermeable interface, the overall permeability of the foamed concrete decreases as the 
foam content increases. This is expected because when the size of the bubble increases, 
the space that the fluid can permeate through decreases. The downward trend is almost 
linear. 
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6.2  Analytical modeling  
Based on the literature review, the composite model developed by Jacobs and 
Mayer (1992) predict the permeability of autoclaved aerated concrete was found to be 
most suitable for studying the permeability of foamed concrete. This model adopted a 
similar treatment of the foamed concrete as FLUENT modeling. The foamed concrete is 
modeled as a composite which is made up of two parts, namely, the matrix and the 
entrained foam bubble. The overall permeability is a function of the permeability of the 
matrix.  
 
A single cell is also used to represent the entire material, thus the air void is 
assumed to be of one size distributed in a cubic lattice structure. One difference between 
the two models is that FLUENT represents the air bubble as a sphere while the air bubble 
is represented as a cube in this model. The spherical bubble is more representative of the 
actual geometric condition.  
 
The model is described in detail in §2.5.5.2. In summary, the overall permeability 












=ε           (6.5) 
Where k = Overall permeability  
 km = Permeability of matrix  
 εp = Air void content (Equivalent to foam content in foamed concrete) (%) 
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The effect of foam content on the ratio of the overall permeability and the 
permeability of paste (k/km) are presented in Table 6.7 and Figure 6.8 respectively. For 
low air bubble content, the model is not representative of the actual situation. The k/km 
ratio is expected to increase as the air bubble content increases. However, the k/km ratio 
decreases as the air bubble content increases for air void content in the range of 0-25%. A 
reason for this could be that the flow of water is assumed to only pass through Va as 
illustrated in Figure 6.7. This assumption may not be true at low air bubble content where 
there is substantial flow through the matrix thus the model is only suitable for aerated 
concrete with a foam bubble content similar to that of AAC. Jacobs and Mayer (1992) 
used the model to study permeability of AAC with foam content in the range of 23 -35 %. 
 
 
Figure 6.7 Jacobs and Mayer model 
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6.3 Comparison between the two model 





























The k/km ratio obtained from FLUENT and the analytical model by Jacobs and 
Mayer are presented in Figure 6.8. Jacobs and Mayer model gives significantly higher 
k/km ratio as compared to FLUENT when the foam content is approximately less than 
45%. This is because Jacobs and Mayer assumes that the bulk of the fluid flow through 
the area above the foam bubble (refer to Figure 6.7). This give rise to the higher k/km 
ratio predicted using Jacobs and Mayer model. This assumption is more suitable for AAC 
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where the pores are connected and these connected pores have a low resistance to flow 
and thus the fluid mainly flow through the area with the air void. Assumption may also 
be valid for foamed concrete with greater pore connectivity (when the foam content is 
high) since the matrix wall is thinner and the pore becomes connected when the foam 
content is high. FLUENT, on the other hand, gives an overall permeability based on the 
permeability of the matrix and the geometry of the foam bubble and cement matrix and 
thus k/km predicted by this model is smaller. This model is more suitable when the pore 
connectivity is lesser. 
 
Upward trend is predicted in both Jacob and Mayer model and FLUENT model 
with permeable surface as the foam content increases. Both models take into account 
flow of fluid through the lower resistance air void. However, Jacob and Mayer model 
allow for greater connectivity and thus a much higher k/km ratio. 
 
 Both models have limitation in the range of porosity that they can represent. 
Jacobs and Mayer model is not suitable for aerated concrete with low foam content as the 
assumption that the bulk of the fluid flow through the foam bubble is no longer valid. 
This is because when the air void content is low, the flow through the paste becomes 
significant especially since the connectivity between the pores is lesser than AAC. Ratio 
predicted using FLUENT model with permeable surface becomes unrealistically high 
when foam content is greater than 45% because the assumption that the arrangement of 
the air void is cubic becomes unrealistic.  
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FLUENT model uses a sphere to represent the foam bubble. This representation is 
closer to the actual foam bubble shape as compared to a cube used by Jacobs and Mayer 
(1992). However, the current model assumes a cubic arrangement of foam bubble and 
geometrically, the porosity of foamed bubble is limited to 52%. Improvement may be 
made to the FLUENT model by using closer packing as discussed in §6.1.2. For high 
foam content, Jacobs and Mayer may be a more representative model. 
6.4  Comparison with experimental result 
The FLUENT model and the analytical model by Jacobs and Mayer (1992) are 
compared to the permeability test results of foamed concrete which are reported in § 5.2.2. 
To obtain the k/km ratio of the foamed concrete, the permeability of the paste portion of 
the foamed concrete is assumed to be the same as the permeability of cement paste with 
the same w/c ratio. The permeability of the paste with polymer addition is not 
representative of the foamed concrete. A discussion of this is presented in section § 
5.2.2.1. Therefore, only foamed concrete without polymer addition was used for 
comparison. The k/km ratio for the test is determined and plotted in Figure 6.9. The 
experimental result is compared to the k/km prediction using Jacobs and Mayer and 
FLUENT.   
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Figure 6.9 Effect of foam content on k/km from experimental and modeling result 
 
For foam content < 50%, the experimental value matches more closely to 
FLUENT model rather than Jacobs and Mayer model. However, FLUENT model used 
here is limited to foam content of 52%. The end value obtained from FLUENT model 
which increases exponentially is not representative of the actual condition. Another 
reason could be that the cubic arrangement assumed in the FLUENT model may be more 
representative at lower foam content. At that higher range of foam content (> 50%), the 
Jacobs and Mayer model is more representative of actual condition. The experimental 
k/km ratio for w/c ratio=0.35 approaches the ratio obtained using Jacobs and Mayer 
model. The model assumes that the bulk of the water flow through the entrained air void 
and the top and bottom volume of the void. This is more representative of foamed 
concrete with high foam content where is the wall between the air voids is thin.  
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The experimental result falls between the impermeable and fully permeable model 
from FLUENT. This coincides with experimental observation as seen from the degree of 
bubble saturation result presented in §5.1.1. The bubbles are partially saturated during the 
steady state condition of the permeability test.   
 
 From the FLUENT model, the k/km ratio decreases when the foam content 
increases in the scenario where the bubble – matrix interface is impermeable. This 
downward trend coincides with the observation in absorption tests. Thus, in absorption 
test, the entrained bubble acts as a blockage to flow rather than increasing the flow of 
water through the concrete. 
 






7.1  Concluding Remarks 
 
 
In this study, a simple and reliable permeability test apparatus that circumvents 
the problems of existing test set-up has been developed. This test apparatus could be used 
effectively to determine the permeability of concrete without cumbersome coating to 
prevent leakage around the specimens and strict requirements on sample dimensions. Its 
design also avoids problems that are commonly found in existing methods. For example, 
it has a proper de-airing system that prevents air voids from being entrapped in the entire 
system which will lead to unreliable results. Another common problem is that the flow 
through concrete is sometimes immeasurable due to the small quantity of water 
permeating through the concrete. The test setup which has been developed has a large 
external cylindrical surface area which minimizes the occurrence of this problem.  
 
The permeability coefficients obtained from this test setup was compared with 
existing permeability data reported by two previous researchers and was found to be 
reliable. The test apparatus has been used to determine the permeability coefficients of 
foamed concrete in this study in order to understand the various parameters affecting 
permeability on foamed concrete.  
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The following conclusions are made from experiments and modeling carried out 
on foamed concrete. 
 
1. The compressive strength of cement pastes and foamed concretes is 
fundamentally related to the porosity of the material. The compressive 
strength decreases exponentially with porosity. Factors such as w/c ratio, foam 
content and addition of polymer affects the total porosity which in turn affects 
the compressive strength. 
 
2. Water ingress due to capillarity as measured by water absorption and 
sorptivity tests showed that absorption characteristic of foam concrete 
increases when the w/c ratio is higher and when the entrained air content is 
lower. 
  
a. At higher water cement ratio, the paste matrix is less dense and allows 
greater ease for water to ingress into the concrete.   
 
b. One reason why the absorption of foamed concrete increase when the 
foam content decrease is that the entrained air in foam concrete acts as 
a blockage to the ingress of water. Therefore, as the entrained air 
content increases, the absorption ability of the material drops. A 
driving pressure is required to drive the water to fill up the air void. 
When the water fills up the entrained air void, the ease of water inflow 
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increases. The entrained air voids fill with water up more readily in 
concrete with a higher w/c ratio. In other words, the blocking 
capability of the entrained air is more pronounced in concrete with a 
low w/c ratio.  
 
The second reason is that when the foam content decreases, the paste 
quantity increase and since water intake is through the capillaries, a 
higher paste quantity means that more water can be absorbed into the 
concrete. 
 
3. The permeability coefficient of foamed concrete increases when the w/c ratio 
increases and when the foam content increases.  
 
a. At higher water cement ratio, the paste matrix is less dense and allows 
greater ease for the pressurized water to ingress into the concrete.   
 
b. The entrained air voids provide a low resistance zone where water can 
flow through more easily as compared to the cement matrix. Under a 
pressurized flow, the ingress of water into the bubble improves and 
thus the blocking effect of the entrained air is less pronounced as 
compared to flow due to capillarity. The entrained air void acts as a 
channel that increases flow rather than acts as a blockage.  
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4. When the porosity is less than 40%, k/km ratio does not vary greatly for 
matrix of different w/c ratio with the same porosity. However at porosity 
higher than 40%, k/km ratio differs greatly for different w/c ratio with the 
same porosity. This is likely due to higher incidence of void coalescing when 
the air content goes beyond 40%.  Owing to the weaker matrix for foamed 
concrete with higher w/c ratio, the effect of coalescing is more prominent at 
higher w/c ratio and this contribute to variation of k/km for different w/c ratio. 
 
5. Addition of polymer improves the permeability of paste but not foamed 
concrete. The polymer that fills up the interstitial void in cement paste lined 
the entrained air void surface of foamed concrete instead. Thus, cement paste 
with polymer addition is not representative of the matrix of foamed concrete 
with the same w/c ratio. 
 
6. From the results of water content of the specimen after permeability test as 
well as from deduction from the modeling using FLUENT, the entrained air 
voids are not fully saturated with water. In absorption tests, where water 
ingress through the concrete with no driving pressure, the water that went into 
the entrained air voids are so minimal that the entrained air void acts as a 
blockage to flow rather than a channel that improves flow. 
 
7. Water permeability of foamed concrete is dependent on the applied pressure 
of the ingress water. It does not obey Darcy’s Law in this respect. The 
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permeability coefficient increase when the applied pressure increases. When 
the applied water pressure increases, more water is driven into the entrained 
air void (i.e. a higher degree of bubble saturation). As a result, the flow 
through the low resistance zone increase and overall permeability increases. 
 
One numerical model using FLUENT and an analytical model developed by Jacobs and 
Mayers (1992) are compared with the permeability characteristics obtained 
experimentally to assess their suitability for predicting the permeability of foamed 
concrete. 
 
8. The experimental k/km ratio falls between the numerical k/km ratios obtained 
from FLUENT models with fully permeable and with impermeable bubble 
interface. This shows that the entrained air voids are partially saturated with 
water. 
 
9. For foam content < 50%, the experimental value matches more closely to 
FLUENT model but at higher foam content > 50%, the Jacobs and Mayer 
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7.2  Recommendations for further studies 
 The samples used in this test are restricted to foamed concrete without aggregates. 
Study into the effect on permeability by the interplay of aggregates and air voids in 
foamed concrete will further enhance the understanding of the ingress mechanism into 
concretes. 
  
Further exploration in the modelling can be carried out using different 
arrangement of air voids in the concrete other than the cubic arrangement used in this 
study. These may have higher predictive power especially for foamed concrete with 
higher foam content (> 50%). 
  
 Other avenues (For example: adding other types of polymer, addition of 
lightweight aggregates) to reduce the permeability of foamed concretes could be explored 
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A.1  Derivation of Darcy’s Law for Radial flow 
 

















Where k = Intrinsic permeability (m2) 
 µ = Viscosity of water (= 1.003 x 10-3 Ns/m2) 
 p = Pressure (N/m2) 
 q = Rate of flow (m3/s) 
 h = Height of test specimen (m) 
 r = Radius (m), 






























 ri = Internal radius of hollow cylinder (m), 
 ro = Outer radius of hollow cylinder (m)  
 B = Volume formation factor (≈ 1 for water which is slightly compressible) 
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Putting k as the subject of the formulae:        





















A.2  Design of Permeability cell 
 
A.2.1  vessel wall 
 
 The design of the permeability cell follows thin wall theory for cylinders.   
According to Thin-wall theory, the theory is justified when the ratio of the vessel wall to 







  (A.1) 
 
 However, in practice, a less conservative rule of thin-wall theory, whereby the 
ratio of the thickness of the vessel wall to radius is less than 1/10 justifies the use of thin 
wall theory is used.  
 
 Taking the permeability cell to have a thickness of 6 mm, and a radius of 90 mm, 
t/r = 1/15, we use thin wall theory to calculate the state of stress in the vessel wall. The 
states of stresses that are present within the vessel wall are defined to be hoop stress, σt, 
radial stress, σr and longitudinal stress, σl. Hoop stress is assumed to be uniform across 
the wall thickness. As radial stress is insignificant as compared to tangential stress, thus, 
radial stress σr is taken to be negligible. Longitudinal stress within the vessel wall exists 
only at the capped ends. It is assumed to be uniformly distributed across the wall 
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thickness and this approximation of longitudinal stress is only valid far away from the 
capped ends. The force analysis of the cylinder section is shown in Figure 3.6 below. 
 
 
Figure A.1 Diagram of Forces on cylinder section 
 
In summary, the states of stress for the cylinder under internal pressure are as follow: 













σ  (A.2) 






==σ  (A.4) 










Where σy is the yield stress of the vessel material, and S is the factor of safety adopted. 
Hence, the design of the vessel wall is adequate.  
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A.2.2  Design of Base Plate 
 
 Next, we consider the bottom base plate. The base of the permeability vessel has 
a uniformly distributed load exerted by the internal pressure. Taking the base plate with 
the edge as simply supported with uniform load, max stress and deflection occurs at the 
centre of the plate. The max stress, deflection and slope are given as follow:  
 
Figure A.2 Force analysis of plate section 
 








=                                                            (A.5) 










=                                                   (A.6) 











=                                                             (A.7) 
 
Where  υ = Poisson’s ratio. 
 po = Uniform load per unit area,  
 a = Radius of plate,  
 t = Thickness of plate and,  
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Taking the thickness of the plate to be 22 mm, poisson’s ratio = 0.3, and modulus of 
















































Hence the design is adequate.  
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A.2.3 Design of Bolts 
 
The specifications of the M16 bolts used are as follow: 
 
Using bolts of ASTM Class Number A 449 
 
Allowable Shear Stress = 120.66 MPa 
Allowable Tensile Stress = 303.38 MPa 
 
Considering the cover plate to be a rigid body,  
 
The tensile force experienced by each bolt,  
 

































Hence, the design of the bolts is adequate.  
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A.3 Sample calculation for determining the permeability 
coefficient 
 
 In this section, two specimens were selected in which the procedure for 
determining the steady state flow was described. One specimen chosen was cement paste 
with a w/c ratio of 0.5. Another specimen with a higher porosity was chosen. It is foamed 
concrete with w/c ratio of 0.5 and nominal foam content of 60%.  The volume of flow 
was plotted against time in Figure A.3 and A.4. The curve at the initial part of the 
experiment was due to absorption of water into the concrete. Over time, the flow rate 
reached steady state as indicated by the straight line. Steady state was reached when the 
water had permeated through the concrete.   
 


















Figure A3 Volume change for Mix CP1 
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Figure A4 Volume change for Mix F1D 
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The gradient of the straight line portion is determined and that is the steady state flow rate 
of the concrete. The permeability coefficient is determined using Equation 3.2 of Chapter 
3. Table A.1 shows the values used in the calculation. 
Table A.1 Values used in permeability coefficient calculation 
 
 Mix Designation 
 CP1 F1D 
Flow rate, q ( x 10
-10 
m3/s) 1.066 7.012 
Height of sample (m) 0.094 0.0805 
Inner diameter (m) 0.1 0.03 
Outer diameter (m) 0.1 0.03 
Viscosity of water, µ (Pa.s) 0.001004 0.001004 
∆ P (MPa) 0.583 0.591 
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For V m3 of material, 
Mass of Cement paste = ρCP V 
Mass of Foamed concrete = ρCP V 
The difference in mass between the two materials is the amount of cement paste that has 
been replaced by the bubble in the foamed concrete. 







Volume of entrained air bubble = Volume of excess cement paste 
Actual foam content (%) = Volume of entrained air bubble/ Volume 














a) Cement paste 
b) Foamed concrete with the 
matrix having the same 
characteristics as cement paste 
  174 
A.5 Bogue’s Calculation 
C3S = 4.0710CaO-7.6024SiO2-1.4297Fe2O3-6.7187Al2O3    (A8) 
C2S = 8.6024SiO2+1.0785Fe2O3+5.0683Al2O3-3.0710CaO    (A9) 
C3A = 2.6504Al2O3-1.6920Fe2O3       (A10) 
C4AF = 3.0432Fe2O3         (A11) 
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A.6 Error analysis 
A.6.1 Water absorption test setup 
Water absorption coefficient, Wabs = 
V
WW if −
    (Kg/m3) 
Wf = Final Weight (Kg) 
Wi = Initial Weight (Kg) 
Accuracy of electronic balance is ± 0.01g 
Accuracy of ruler ± 0.1mm 
Weight difference is approximately 100g 
































 = 0.0017 
 = 0.17 % 
 
A.6.2 Sorptivity test setup 















Wf = Final Weight (Kg) 
Wi = Initial Weight (Kg) 
A =  Area of sample (m2) 
Accuracy of electronic balance is ± 0.01g 
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Accuracy of ruler ± 0.1mm 
Weight difference is approximately 50g 






























 = 0.0015 
 = 0.15 % 
 










































Accuracy of volume change meter is ± 0.1 ml 
Accuracy of ruler ± 0.1mm 




   = 0.017 












































   
 
  
 
 
